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Abstract 
The assessment of the catalytic performance and the characterization of the 
undoped and halide-doped perovksite-type oxide Lao,8Bao.2Mni.xCux03.6 catalysts for 
the oxidative dehydrogenation of ethane (ODE) to ethene have been investigated. At 
680�C and C2H6:02:N2 mole ratio of 2:1:3.7’ Lao.8Bao.2Mno.7CLio.3O2.8O8Fo.124 gave 
31.9% C2H6 conversion, 55.9% C2H4 selectivity, and 17.8% C2H4 yield; whereas 
Lao.8Bao.2Mno.7CuojO2.8i7Clo.114 gave 73.0% C2H6 conversion, 69.5% C2H4 selectivity, 
and 50.8% C2H4 yield. X-ray powder diffraction (XRD) indicated that both the 
undoped Lao.gBao.zMni.xCuxOs-s and halide-doped Lao.sBaojMni.xCuxCb-sX�（X=F, CI) 
catalysts could be described as single phase, cubic in structure at x < 0.7. When the 
value of X exceeded 0.7, small amounts of La2Cu04 and/or CuO phases were detected 
besides the perovskite phase. The results of X-ray photoelectron spectroscopy (XPS) 
indicated that (i) the surface composition of the perovksite-type catalysts generally 
differed from those of the bulk, although the proportions of individual elements were 
quite similar. The presence of MiZ+and Mn^" in the catalysts was corroborated by the 
results of Mn oxidation state titration experiments. Further, the results of the 
temperature-programmed desorption of oxygen (O2-TPD) illustrated that the doping 
of halide ions into the perovskite catalysts led to the disappearance of the adsorbed 
oxygen species, which possibly transformed into more lattice oxygen. The improved 
catalytic activity is attributed to this increase in the amount of lattice oxygen. 
Ni-containing perovskite-like catalysts, well known for their excellent activity 
for some environmentally important reactions such as NO decomposition, were 
investigated for their suitability for the ODE reaction. The undoped and Cl-doped 
series of Lao.6Sro.4Nii.xFex03-5 were tested for this purpose. It was found that both 
series showed catalytic activity for ODE only for x > 0.8，and that the C P dopants 
i 
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enhanced the performance of the catalysts. At 680"C and a CzHo-'OziNz mole ratio of 
2:1:3.7，LaooSrtuNiojFeo.sCVCl was found to perform best, giving 53.8% C2H5 
conversion, 72.5% C2H4 selectivity, and 39.0% C 2 H 4 yield. XRD analyses indicated 
that the structure of the catalyst could be described as pure orthorhombic at x = 0.8; 
and some unfavorable phases appeared with decreasing x (i.e. increasing Ni content). 
XPS results suggested that the surface enrichment of Ni was associated with the 
suppression the selective oxidation. It was also determined by XPS that the chemical 





爾比率是 2/1/3.7, Lao.«Bao.2Mno,7Cuo.30i..i7Clo.iM 的催化效應是 73.0% 轉化性， 
69.5% C孙選擇性和50.8% (：孙生成性；Lao.Bao.2Mno.7Cuo.302.o«Fo.i2.的催化效應是 
49.2% &H6轉化性，66.8% C^E^選擇性和32.9% OHa生成性°觀察到摻雜齒族元素 
的耗駄礦型催化物可以降低乙院的深層氧化。X光粉末衍射（XRD)結果顯示出沒 
有摻雜及摻雜鹵族元素的銘駄礦型氧化物都在存在單一相，其結構是立方晶體而 
X < 0.7 °當X値超過0.7時，除躬欽礦相以外，還觀察到少量的和相，如La2Cu04和 






效應。其結果是在 680"溫度下，C2H6/O2/N2 摩爾比率是 2/1/3.7，Lao.6Sro.Nio.:Feo,803/Ci 
的催化效應是53,8% CiH6轉化性，72.5% GH4選擇性和39.0 % C孙生成性,而離子 
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Chapter 1 Introduction 
1.1 Introduction 
Ethene (or ethylene, CH^CH�） is one of the most important gaseous alkenes in the 
petrochemical industry, due largely to its high reactivity. It is consumed in large volume 
annually for the purpose of (a) a monomer for the production of polyethylene via 
polymerization; and (b) a starting reagent for the production of a host of chemical 
intermediates [1], a brief summary of which is given in Figure 1.1 [2]. Ethene is also 
used for combustion due to its high fuel value (1615 BTU per cu. ft.)[3]. An interesting 
usage of ethene by commercial food processors is the acceleration of the ripening of 
fruits such as tomatoes, melons etc. [4] 
Because of the commercial importance of ethene, much research effort has been 
devoted to modifying existing ethene production process to give high yield at low cost. 
An industrial process commonly used to produce ethene is the pyrolysis of higher 
hydrocarbons. The major drawback of this process is that it has to be carried out at high 
temperatures, thus requiring enormous energy input. Therefore, alternative methods 
involving catalytic processes [5] for the production of ethene have been investigated 
recently. In particular, oxidative dehydrogentation of ethane (ODE) has been 
considered as one of the more viable routes 
Thermal dehydrogenation 
C2H6 — C2H4 + H2 AH° = +136 kJ/mol 
Thermal dehydrogenation of ethane exhibits a high selectivity to ethene ( � 8 0 % ) 
with a fairly high conversion ( � 6 0 % per pass). However, the process is endothermic, so 
ethane must be heated to about 750-900°C. At such temperatures coke will be formed. 
In addition, high-energy costs are associated with the furnishing of heat at high reaction 
temperatures. These problems can be circumvented by supplying controlled amounts of 
1 
oxygen to the thermal dehydrogenation process. 
Oxidative dehydrogenation of ethane reaction (ODE) 
C2H6 + O2 C2H4 + H2O AH° = -105 kJ/mol 
In the presence of oxygen, the dehydrogenation process is exothermic. Coke 
formation is virtually eliminated and the thermodynamic equilibrium favors the 
formation of ethene. The other advantage of this reaction is that it proceeds at much 
lower temperatures than those required for thermal dehydrogenation. Thus, the use of 
ODE not only alleviates engineering design, but also yields substantial reduction in 
energy cost. 
But in the presence of oxygen, ethane may undergo a variety of dehydrogenation 
pathways，depending on the mole ratio of oxygen. Four more important pathways are 
given below: 
(A) Deep oxidation (complete oxidation) 
C2H6(g) + 7/202(g) -> 2C02(g) + 3H20(g) (1) 
C2H6(g) + 5/202(g) — 2C0(g) + 3H20(g) (2) 
(B) Incomplete oxidation 
C2H6(g) + 02(g) — CO(g) + H20(g) + CH4(g) (3) 
(C) Selective Oxidation (= ODE reaction) 
C2H6(g) + l/202(g) -> C2H4(g) + H20(g) (4) 
The activation energy for the selective oxidation (or ODE) is higher than the 
complete and /or incomplete oxidations, so reactions (1) through (3) are in fact more 
favorable under normal reaction conditions, giving the green house gases carbon 
dioxide and carbon monoxide as major products. 
The use of appropriate catalysts may lower the activation energy of the ODE 
pathway, making the selective oxidation reaction more competitive with respect to the 
complete and incomplete oxidations. Although many chemical compounds were 
2 
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catalyze the ODE, the development of a catalyst that meets the criteria of: (a) high 
conversion rate; (b) high product selectivity; and (c) ease of regeneration, is far from 
complete. For example, Li et al [6] tried using Lai.xSrxFeOs-s (0< x< 1) perovskite for 
the ODE reaction; and they obtained a C2H6 conversion of 87% and C2H4 selectivity of 
43% (that is a C2H4 yield of 37%) at 650°C. 
Ethene 
Ethylene Ethanol Ethyl- Ethylene- Ethylene- Ethyl 
‘ Q x i d e [ benzene [ dichloride [ dibromide I Chloride 
/ Ethylene, \ / Acetaldehyde, \ ^ ^ f 广 ^ 
Glycol Acetic Acid, ( Styrene J ( Vinyl A i "Ethyl" \ 
Figure. 1.1 Main industrial derivatives of ethene 
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1.2 Literature review of the ODE reaction over different catalysts 
The study on the ODE reaction was started in 1970s, and the topic attracted much 
attention in the 1980s. Most of the initial investigations were based on the use of 
transition metal oxide or composite oxide catalysts with variable metal ionic valences 
such as V2O5 and Mo03[29-30]. Later, when Lf-MgO-Cl ' catalysts were discovered 
for the oxidative coupling of methane, a variety of alkali metal-promoted alkaline earth 
metal oxide catalysts were tested for ODE reaction [15]. However, such catalysts give 
low C2H4 yields and are chemically unstable. The next stage of development focused 
on the use of rare earth oxide-based catalysts, which exhibit good behaviors in ethane 
conversion percentage, ethene selectivity, and in particular, chemical stability [7，8]. 
Further investigations led to the development of perovskite oxide catalysts, which 
consist of the alkaline earth metal, rare earth metal and transition metal element. The 
major advantage of such catalysts is that their physical and chemical properties can be 
tailored by mixing various metal elements. The discussion of ODE catalysts will be 
divided into four parts. 
1.2.1 The alkali metal (Group I) and the alkaline earth metal (Group II) oxide 
catalysts 
Li+/MgO is one of the most common group I/II metal oxide catalysts being studied 
for its catalytic activity for the ethane oxidation [9-13]. Morales and Lunsford [9] found 
that 75% ethene selectivity was obtained at 40% ethane conversion over 6.5g of a 
catalyst with 3wt% Li+/MgO at 600�C. Based on experimental results, Lunsford et al 
[13-17] proposed a homogeneous-heterogeneous mechanism for the ODE reaction, in 
which CzHs* radicals are believed to form on the surface of the catalyst, desorb and 
react with gaseous O2 to form C2H4 and water. 
Conway and Lunsford [15] tried doping the Li+/MgO catalysts with chlorine. The 
4 
Cl-doped catalyst gave 73% ethene selectivity, which was 10% higher than that 
obtained over Li7MgO, both under a 70% ethane conversion at 650°C. A 10% increase 
in ethene selectivity may seem small, but it has significant financial implication in 
industrial and/or commercial processes. An interesting finding in the same study is that 
the amount of CO2 detected was significantly less than prediction based on mass 
balance. It was suggested that the CO2 produced might have been absorbed by the 
Cl-doped L f / M g O catalyst. Thus, the poisoning of the active centers of the 
chlorine-modified catalyst by CO2 was reduced. Another reason for the improved 
catalytic activity is that, in the presence of chlorine, the reactive forms of oxygen on the 
surface (e.g., O" ions) might be altered such that they are more effective in activating 
the weaker C-H bond in ethane to initiate the oxidative dehydrogenation reaction. 
1.2.2 Rare Earth Oxide Catalysts 
Rare earth metals belong to the lanthanides series. The isolation of the individual 
pure metal is difficult because of the similarity in physical and chemical properties 
across this block. 
The catalytic activities of rare earth metal oxide catalysts in the ODE reaction are 
found to be highly dependent on the identity of the metal. For example, Kennedy and 
Cant [8] found that the selectivity of C2H4 decreased in the order of L a ? � ] (74.0%) > 
Sm203 (68%) > Ce02 (57.0%) > PreOn (53.0%). On the other hand, Bemal et al. [ig] 
determined that the active phase in the La203 catalyst was La203C02, whereas the 
corresponding phases (SmzC^CO] and GdsOpCO〕）were not found in the SmzO] and 
GdsOs catalysts. 
The addition of promoters such as alkaline earth oxides or halides (F', CI" and Br") 
to this type of catalysts was found to significantly increase the conversion percentage of 
ethane and the selectivity of ethene in the ODE reaction [19-22]. Fikova et al. [23] 
5 
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demonstrated that doping the NdzCb catalyst with SrO (an alkaline earth oxide) gave 
better catalytic behavior than the undoped catalyst. The enhanced catalytic behavior 
may be attributed to the formation of defects in the NdaO] lattice when the latter is 
doped with SrO. These lattice defects have been known to play an important role in 
catalyzing the ODE reaction [19-28]. 
Next, the substitution of some of the oxygen species of the rare earth oxide 
catalysts with halide ions was found to be effective in promoting the C2H4 selectivity in 
the ODE reaction. For example, in the BaBrz-modified H02O3 catalysts [ 1 9 ] � t h e 
presence of B f ions could have induced the formation of new active sites suitable for 
C2H4 generation. 
1.2.3. Transit ion-metal oxide 
In the early stages of the development of ODE catalysts, most research work was 
focused on transition metal oxides or composite oxide catalysts such as V2O5, M0O3 
and VMoNbO catalysts [29-31]. 
Vanadium and molybdenum are two of the most common metal elements used in 
composite oxides. The undoped V2O5 showed very low C2H6 conversion percentage 
and C2H4 selectivities [29,32]. Later, Erdohelyi and Bars found that using SiO:- or 
AI2O3- supported V2O5 catalysts could improve the activity. The V2O5/AI2O3 catalyst 
gave appreciably higher C2H6 conversion percentage and C2H4 selectivity than the 
V205/Si02 catalyst [29,33-34], presumably due to the strong metal-support interaction 
(SMSI) effect between vanadium and aluminum. 
One major drawback of using transition metal oxides such as V2O5 and M0O3 as 
catalysts for the ODE reaction is that they only yield moderate C2H4 selectivity at a 
relatively high temperature of 600°C. Thorsteinson et al. [35] tried using 
multi-component transition metal oxide catalysts containing V and Mo and some other 
6 
transition metal(s) for the ODE reaction. They found, for example, that at a reaction 
temperature of 285"C, MoVNbO gave a 100% C2H4 selectivity although the C2H6 
conversion percentage was merely 10%. This important result led to the realization that 
the catalytic performance of this type of mixed transition metal oxide for the ODE 
reaction might be improved by incorporating other transition metals and/or alkaline 
earth compounds into the original catalyst [29-31]. For instance, a MoVNbSbCaO 
catalyst gave a 71.0% C2H6 conversion percentage, and a 73.0% C2H4 selectivity (or an 
overall C2H4 yield of 51.8%) at 400�C [36]. 
1.3. Perovskite-type oxide catalysts 
1.3.1 .The structure of perovskite oxide 
Perovskite-type oxides were the most primitive catalysts for the ODE reaction. 
This class of oxides is described by the general formula of ABO3 (where A represents a 
rare-earth metal cation coordinated by 12 oxygen atoms, and B represents a transition 
metal cation, surrounded by 6 oxygen in octahedral coordination [37-40]). The general 
molecular structure (see Fig. 1.2) was originally determined for the mineral perovskite, 
CaTi03 [41]. 
In the perovskite structure, the A cation is normally found to be larger than the B 
cation. In order to have contact between the A, B and O ions, RA+ RQ should equal 
2(RB+ RO)，where RA, RB and RQ are the respective ionic radii of A, B and O ions. 
Goldschmidt [40] has shown that the cubic perovskite structure is stable only if the 
va;ue of tolerance factor, t, defined by R A + R Q = t v ^ 2 ( R B + R Q ) , lies between 0.8 — 0.9. 
The value of t is somewhat larger for distorted perovskite structures. The attractive 
feature of this type of catalyst is the possibility of manipulating the oxygen content 
and/or characteristic by varying the identities of A and B, thus providing a surface with 
large oxygen capacity for oxidative reactions. 
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Figure 1.2. (a) the structure of ABO3 perovskite structure; and (b) the unit cell of 
perovskite structure 
1.3.2.Preparation method of perovskite oxide 
There are many synthetic methods for the preparation of perovskite oxide catalysts 
[42]，but the choice of a particular method depends on the actual application of the 
material. Several more common preparation procedures are discussed below. 
1. Solution Preparation: In this traditional method, aqueous constituent oxides 
and hydroxides (or carbonates) are simply mixed together. Due to the generally large 
particle sizes of the mixture, repeated mixing and extended heating at high 
temperatures are often required to generate a homogeneous single-phase material. High 
temperature processes may be avoided if the precursors such as citric acid are prepared 
in sol-gel form, which offer molecular mixing and provides a reactive environment 
during the course of subsequent heating and decomposition. The main advantages of 
starting from solution are better homogeneity and improved reactivity. The solution 
preparation procedure of catalysts was used in this project. 
2. Solid State Reaction: Reactions between metal-carbonates, hydroxides and 
oxides in the solid state are employed in the preparation of perovskite-related materials. 
8 
For example, the perovskite compound BasYCudOs can be prepared first in a 
high-pressure oxygen process, followed by the addition of the alkaline metal carbonate. 
The advantage of this process is that it gives almost entirely single phase catalysts. 
3. Gas Phase Preparations and Reactions: The deposition of perovskite films 
with a specific thickness and composition is carried out under well-controlled gas phase 
reaction or transport. 
4. Support Catalyst: Some perovskites, such as cobaltate and manganite, showed 
competitive activity for the oxidation of CO and reduction of NO compared with noble 
metal catalysts. However, due to their poisoning by SO2, low surface areas and weak 
mechanical strength will be obtained. Most perovskites have not been able to compete 
successfully in many catalytic applications. 
In order to overcome these problems, developing a well-dispersed perovskite on 
support has been a attractive strategy to optimize the performance except for poisoning. 
In the preparations of supported perovskite from solution, the method of drying can be 
extremely important. 
1.3.3. Literature review of perovskite oxide catalysts 
Many perovskite-type oxides (ABO3) show catalytic activity in oxidation 
reactions. For example, the unsubstituted perovskite oxides, LaMnOs+x and LaCo03+；^’ 
both display good catalytic activity for the complete oxidation of carbon monoxide and 
hydrocarbons [39,42-44]. The results from these studies indicate that the catalytic 
activity is mainly governed by the B-site property and oxygen vacancies. However, the 
formation of ABO3 is limited for enhancing catalytic activity selectively. Hence, further 
investigation is focused on the substitution of A- and/or B-site cation with foreign metal 
cations (e.g. K+，Ca�.)，which can modify the catalytic properties. 
In general, doping the A-site of ABO3 with lower valence cations (A’）causes an 
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increase in the oxidation state of B or the formation of oxygen vacancies. For example, 
Voorhoeve and Johnson et al [45] showed that the substitution of K+ for La^^ in 
Lai-xKxMnOs-s enhances the catalytic activity in the reduction of NO and the oxidation 
of CO, possibly due to the introduction of various new chemical states of B-site. Wu et 
al. [46] reported that the substitution of Ca for La in LaMnO] produced a series of 
catalysts Lai.xCaxMnOs-g containing nonstoichiometric amounts of oxygen, with the 
value of 5 ranging from 0.059 to 0.110. 
A study [37] indicated that the direct substitution of some of the B elements in the 
ABO3 structure gave a more pronounced effect on the catalytic performance, which 
was attributed to the presence of two active metal cations simultaneously serving as 
catalytic sites. In a study of the catalytic activities of the series of LaMni.xCux03+x 
catalysts for the hydrogenation C O and CO2 [43,47], it was reported that the 
replacement of copper by manganese led to higher methanol selectivity. It is because 
Cu is active metal for oxygenate formation and the existence of two reduction steps: 
Cu2+ to Cu。； and M n " (n > 3) to Mn^^ 
The simultaneous substitution of A and B sites in Lai.xSrxCoi.yFeyO} catalyst [48, 
49] has been studied by Zhang et al. They found that the amount of vacancies 
increased with the substitution of Sr^ ^ for La^ ,^ but was unaffected by the incorporation 
of Fe3+ for Co^^. It was suggested that while the composition of A-site determined the 
amount of adsorbed oxygen, the composition of B-site affected the chemical properties 
of the adsorbed oxygen. 
In recent years, numerous studies on the modification of catalysts based on the 
perovskite structure by doping with halide ions such as C厂 or F have been carried out. 
Examples of such catalysts used in ODE include: SrFeOs-eCla [50]; Lai.xSrxFeOs-gXa 
[51]; La,.85Sro.i5Cu04-5Xa and NdusCeo. isCuCVsX�[52]; YBazCuOv-aXa [53], where 
X represents F or CI. These catalysts displayed improved activity for ODE reaction in 
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comparison with their undoped counterparts. It can be explained that the inclusion of 
halide ions could decrease the oxygen vacancy density and reinforce the redox ability, 
so it could induce the active site that would cause the suppression of C2H6 deep 
oxidation. The halide dopants used for this purpose are almost exclusively CI" and F~ 
because the ionic radii of F— (1.36A) and CI" (1.81 A) is similar to or slightly larger than 
that of 02- (1.40A), SO they be introduced into the perovskite lattice without causing too 
much strain. In contrast, due to their much larger ionic radii, the insertion of B r (1.95 A) 
or r (2.16A) into the lattice is very difficult. 
1.4. ODE mechanism 
O2 • 
C2H4+02H. 




C2H5' + OH'(s) + Q '^ ^CzHsO" (s) 
^ CO, CO2 
Figure 1.3. Scheme of heterogeneous-homogeneous mechanism for ODE 
According to the results of ODE reaction catalyzed by MgO-based and rare earth 
oxide catalysts, Morales and Lunsford [9] proposed two possible routes for the 
conversion of C2H6 to ethene in the presence of O2. The first step, common to both 
routes, is the abstraction of a hydrogen atom from C2H6 by the monovalent adsorbed 
oxygen species (0 ' ) to generate an ethyl radical on the surface of the catalyst. In 
Route 1’ the C2H5- radicals desorb into the gas phase and may subsequently (a) react 
with oxygen gas to form C2H4 and OzH. radical; or (b) undergo unimolecular 
11 
* 
decomposition to give C2H4 and H•； or (c) couple with another C2H5. radical to give 
the minor product C4H10. In Route 2’ the adsorbed C2H5« radical further reacts with 
lattice oxygen (O^") to form a surface ethoxide ion intermediate. This ethoxide ion 
intermediate may then dissociate into C2H4 or undergo oxidation to give CO and CO2 
[54]. The two routes are summarized in Fig. 1.3. 
The existence of an adsorbed ethoxide intermediate on the surface of MgO in the 
ODE reaction was supported by the results of electron paramagnetic resonance (EPR) 
obtained by Lunsford et a/.[55]. Erdohelyi and Solymosi [56] also suggested that a 
similar mechanism could be used to explain their results for the partial oxidation of 
ethane over supported V2O5 catalysts. They found that O^" was the active species and 
the adsorbed ethoxide was an intermediate. These results indicate that Route 2 in 
Figure 3 may be the dominant mechanism for ODE regardless of the types of 
catalysts being used. Thus the same mechanism is proposed for the ODE reaction 
over perovskite-type oxide catalysts. 
1.5. Factors affecting the catalytic performance of catalysts 
(i) Effect of Flow rate 
The effect of flow rate on the performance of the catalysts has been extensively 
studied by Witt et al. [57]. In general, both ethane conversion percentage and ethene 
selectivity increases with increasing flow rate. The corresponding amounts of C O and 
CO2 decrease. This is apparently a favorable condition for selective oxidation. 
(ii) Effect of C2H6/O2 mole ratio 
The extent of reaction for the three types of oxidation mentioned in Section 1.1 
(Eqns 1’ 2，3 and 4) is partially determined by the availability of O2. At higher 
C2H6/O2 ratio (i.e. less O2 available), the selective oxidation reaction (Eqn 4) is more 
12 
favorable, thus one expects an increase in the C2H4 selectivity. At lower C2H6/O2 ratio, 
deep oxidation (Eqn 1) and/or incomplete oxidation (Eqn 2) will predominate, 
producing mainly CO and CO2； the C2H4 selectivity is decreased, 
(iii) Effect of Temperature 
At elevated temperatures, the C2H6 molecules carry higher energy, and their 
collision with oxygen species adsorbed on the surface of catalysts should have a 
higher reaction probability. As a result, the ethane conversion percentage should 
increase. In principle, high temperatures should have no effect on the product 
selectivity, but in some cases the C2H4 selectivity decreased significantly, presumably 
due to poisoning of the catalysts by CO and CO2, which were produced in the deep 
and incomplete oxidations. 
1.5. Surface and bulk characterization of perovskite-type oxide catalysts 
The knowledge of a catalyst's surface is essential for the study of heterogeneous 
catalysis. The key processes that may occur on the surface include: adsorption of 
reactants; surface reactions and/or decomposition; and desorption of the products. To 
study these aspects in detail, a host of surface sensitive techniques are required to ‘ 
characterize the catalyst regarding its surface elemental composition (preferably with 
chemical state information), surface area, structure and, in this particular case, oxygen 
defects. However, the analysis of bulk composition is also important in catalytic studies 
using catalysts in powder form. Several surface and bulk analytical techniques 








































































































































































































































































































































































































































































































































































1.6. Objective of this research project 
The catalytic activities of Perovskite-type oxides (ABO3) for the oxidation of CO 
and HC (hydrocarbons) have been investigated extensively and intensively. This type 
of compounds can tolerate substantial substitutions at both cationic sites with the 
crystal structure unchanged. The partial substitution of A and/or B cations by foreign 
cations having different oxidation states gives rise to various oxidation states of the 
B-site cations and structural defects in the crystal lattice (e.g. anionic and cationic 
vacanices). The incorporation of halide ions such as F~ or CI" into the vacant oxygen 
position of perovskite catalysts leads to oxygen nonstoichiometry, which results in the 
generation of a catalyst active for the selective oxidation of ethane to ethene. 
The present project represents an extension of numerous previous studies on the 
catalytic activity of halide-doped perovskite oxides. Attempts have been made to 
improve the catalytic performance in both the conversion percentage and selectivity; 
and to correlate the catalytic performance to the surface and bulk structures of the 
catalyst. The work described in this thesis has been carried out in five main directions: 
(1) to prepare durable perovskite-type halo-oxide catalysts for ODE process; (2) to 
determine the catalytic performance of these novel materials; (3) to study the 
physico-chemical properties of the halo-oxide materials; (4) to investigate the nature 
of defects generated in the catalysts; and (5) to establish links between defect and 
catalytic performance. Gas Chromatography (GC) was used to measure the amounts 
of gaseous products and unreacted species, which serve as the benchmark for the 
catalytic performance of different catalysts. XRD was used to characterize the crystal 
structure. BET was used to measure the surface area of each catalyst. X-ray 
Photoelectron Spectroscopy (XPS) was used to determine the surface compositions, 
and their respective oxidation states. Oz-Temperature Programmed Desorption 
(O2-TPD) was used to evaluate the mobility of lattice oxygen. 
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Chapter 2 Instrumentation 
2.1 Introduction 
In this part, the preparation procedures of the perovskite-type oxide and 
perovskite-type halo-oxide catalysts are described. The properties of these catalysts 
were studied by a host of techniques. Gas chromatography (G.C) was used to assess 
the performance of the catalysts. X-ray Diffraction (XRD) was used to characterize 
the crystal structure. X-ray photoelectron spectroscopy (XPS) and BET were used to 
determine the surface composition and the surface area of the samples, respectively. 
Titration method was used to determine the concentration of Mn"^ "", F一 and CI". 
02-temperature programmed desorption (O2-TPD) was employed to evaluate the 
mobility of lattice oxygen. The basic principle of each technique is briefly discussed 
below. 
2.2 Assessment of catalytic performance 
The catalytic performance was determined using 0.5g of the catalyst in a 
fixed-bed quartz micro-reactor (internal diameter = 4min, length = 30cm) operating 
under atmospheric pressure. About 0.5g catalyst was loaded in the middle of the 
quartz tube, the remainder of which was filled with quartz sand and wool. The 
reaction temperatures were varied from 500°C to 700°C at 20°C intervals. A mixture 
of ethane and air (serving as O2 source) was passed through the micro-reactor. The 
feed rates of ethane and air were maintained at 14.8 mL/min and 35.2mL/min， 
respectively, using mass flow controllers, which effectively gave a CiHeiOz volume 
ratio of 2:1. The operating temperature of the catalyst was measured by a 
thermocouple placed in direct contact with the catalyst. High purity hydrogen (99.90/0) 
was used as the carrier gas, and the product mixture (C2H6, C2H4, CH4, CO and CO2) 
was analyzed by on-line gas chromatography (Shimadzu 8A Thermal couple detector 
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h 
(TCD) gas chromatograph) with Porapak Q and 5A molecular sieve columns. By 
using a rolatable six-port valve, each product gas coming out from the reactor was 
directed to a corresponding column. The temperatures of the injector, column and 
detector in the GC were set at 40°C, 40°C and 30°C, respectively; and the filament 
current in TCD was set at 100°C. A schematic diagram of the experimental set-叩 is 
shown in Fig.2.1. ‘ 
I I 二：GC 
t ::G.C 
，『 ^ W n ~ ' / 
• 令 1 i l _ _ 平 \ 
• 令 10 
QH. Q 
2 1 
Figure 2.1. Schematic diagram of catalytic testing system: 1. Pressure stabilizing 
valve; 2. Flow rate stabilizing valve; 3. Flow meter; 4. Four-way valve; 5. Six-way 
sampling valve (passing through 5A column); 6. Six-way sampling valve (passing 
through PQ column); 7. Reactor; 8. Furnace; 9. Temperature controller; 10. Thermal 
couple. 
GC operation 
Column size : 1.8m*0.3215cm 
Column temperature : 40°C 
Packing material size : 80/100mesh 
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Packing material : Molecular sieve, Porapak Q 
Detector : Thermocouple detector (TCD) 
Detector temperature : 5 0 � C 
Carrier gas : Hydrogen 
Carrier gas flow rate : 50mL/min 
Calculation 
The peaks recorded in the gas chromatogram correspond to the product gases and 
the unreacted gases. The calculations of conversion percentage and product selectivity 
were based on the peak area. The amount of each species being detected is 
proportional to its corresponding integrated peak area multiplied by an appropriate 
correction factor，which is obtained by calibration. The correction factors for the 
various species involved are listed in Fig. 2.2. 
Fig.2.2. the correction factors are listed in this table: 
Correction factor 
C2H6 ~6 ‘ "“ 
C2H4 2.08 
C O 1.19 
CO2 1.04 
|cH4 |l.40 
Three peaks corresponding to O2，N2 and (CO + CH4) were resolved from the 5A 
molecular sieve column. On the other hand, five peaks, in chronological order, 
corresponding to (O2 + N:)，CH4, CO2, C2H4 and C2H6 were resolved from the 
Porapak Q column. The peak area of CH4 was determined from Porapak Q column, 
and the area of C O was then calculated from the equation 
A = 八 歸 聊 x A A 
CO 一 A 〜 0 + C " 4 ( 5 / 4 )一八 <： "• ) 
^ 0 2 + N 2 ( S A ) 
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Total Area as all carbon-containing compounds came from the same starting carbon 
source C2H6, 
Total Area = A^.h, x 1.96 + 八〔州4 x 2.08 + A^^, x 1.40 + A^^ x 1.19 + A^^^ x 1.04 
广 • r 广 TT (Total Area - Aqh6x 1 . 9 6 ) , … ， 
Conversion o f C2H6 = ^ x 100% 
(Total Area) 
。 1 广 TT (A0H4 X 2.08、 
Selectivity o f C2H4 = ^ ^ x 100% 
(Total Area - AC2H6 X 1.96) 
Selectivity o f CH4 = (八�"4乂1.40) ^ ioO% 
(Total Area-Ac:H6X 1.96) 
Selectivity o f C O = ( A c o x U 9 ) 乂 j 00% 
(Total Area - A o h � x 1.96) 
Selectivity o f CO2 = (Aco.xl.04) ^ ^ 0 0 % 
(Total Area - x 1.96) 
Percentage yield o f C2H4 = C^H^ conversion x OH4 selectivity 
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2.3 Brunauer, Emmett and Teller (BET) 
2.3.1 Theory 
When a gas passes over a solid surface, some of it may adsorb on it, the extent of 
which depends on the availability of adsorption sites. The measured relationship 
between the gas pressure and the volume being adsorbed on the surface at constant 
temperature is known as an isotherm. Assuming that the rate of adsorption depends on 
the number of adsorption sites, and the rate of desorption depends on the number of 
adsorbates already on the surface; then the application of steady state approximation 
leads to a relation which gives the surface area of the surface. The 
Brunauer-Emmett-Teller (BET) isotherm is one of the most common isotherms used 
for estimating the surface area of a catalyst. In obtaining the BET isotherm, nitrogen 
is often employed as the adsorbate. Before N2 adsorption, the catalyst is purged in 
vacuum Pa) at 300°C for 2 hours to eliminate other contaminants. Then N2 is 
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allowed to pass through the catalyst, which is kept at liquid nitrogen temperature 
(-196°C). Then, the N2 gas will be adsorbed on the catalyst. The volumes of gas 
adsorbed are obtained under varying the relative pressure. The specific surface area of 
the catalyst is calculated according to the B E T equation [1,2]. 
y^ ^ 
r "(L、— 





where Vads ： the volume of gas adsorbed, 
P ： the pressure of gas, 
Po : the saturated vapour pressure of the liquid at the operating temperature, 
Vm ： the volume equivalent to an adsorbed monolayer, 
C : a constant 
The constant C is mathematically related to the heat of adsorption. A plot of P / 
V a d s ( P � - P) versus P / P � i s usually linear in the P/P�range of 0.05 to 0.35 .The slope 
and intercept of the graph can give the C value and the monolayer capacity Vm. 
Using the value of VM just obtained, the surface area, SBET ( m V ) can be 
calculated using the relation 
2 2 4 1 4 
where V ^ is expressed in cm^g'' 
N is Avogadro 's number, and 
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s is the average area occupied by the adsorbate molecule in a complete 
monolayer, known as the cross sectional area (nm^) 
2.3.2 Experimental 
The specific surface area of the catalysts was measured using a NOVA 1200 
apparatus. First, about 0.5g sample catalyst was outgassed at 300°C for 2 hours before 
adsorption studies were performed. Then, the U tube was removed from the heater 
and cooled to room temperature. The sample cell was connected to the sample 
analysis station where started to obtain the surface area according to the BET 
equation. 
2.4 X-ray Diffraction (XRD) 
X-ray was discovered by Rontgen [3]，a German physicist, in 1895. Laue [3] 
proved that X-rays possessed wave nature in 1912. W.H. and W丄.Bragg [3] 
subsequently demonstrated that X-ray diffraction on crystals could used for structure 
determination. This technique has since been proved to be extremely powerful in 
determining the exact atomic positions, bond lengths and the orientations of 
molecules within a single crystal. The results are very accurate, giving bond lengths to 
a few tens of picometres [4]. 
2.4.1. Theory 
Electrons emitted by an electrically heated metal (usually tungsten) filament are 
accelerated by a high potential difference (20-50kV) to strike on an anode metal target. 
The anode emits a continuous spectrum of X-radiation, superimposed on which are 
sharp and intense X-ray peaks (K^’ Kp). The frequencies of Ka and Kp lines are 
characteristic of the anode target metals. The most common anode targets used in 
X-ray crystallographic studies are copper and molybdenum. Due to the wave nature of 
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X-rays, Bragg assumed that X-ray diffraction would behave like 'reflection' from the 
planes of atoms within the crystal; and that only at specific orientations of the crystal 
with respect to the source and detector were X-rays 'reflected' from the planes. The 
conditions of "reflection" of X-rays in crystal are given by the Bragg equation [4]： 
2dhkisinehki = nX 
where n is a integer, called the order of reflection; A, is the wavelength of the X-rays; 
dhki is the spacing between the crystal planes to the particular Bragg angle, Qhki. 
2.4.2 Instrumentation 
Huber X-ray diffractometer, operating at 40kV and 150mA with Cu source, 
was used to determine the crystal structure in this project. The diffractometer consists 
of an X-ray tube, a goniometer for rotating a crystal sample, and a detector for 
measuring the intensities of the reflections of the diffraction pattern. 
Sample handling 
Sample catalyst was ground and mixed uniformly with a mortar and pestle. The 
fine powder was then glued onto the adhesive side of a plastic sheet. The whole 
plastic sheet was fixed on the circular holder with an 0-ring. At last, the holder was 
inserted into the sample stage of the X-ray diffractometer. 
General principle 
The two most intense lines emitted by the X-ray tube were Cu Ka and Cu Kp. 
The Cu Ka line was selected for the X-ray diffraction experiment, so the unwanted Kp 
line had to be eliminated by a carbon filter. The monochromatic X-ray passed through 
an incident beam collimator before hitting the sample crystal, which was mounted in 
the center of the goniometer. The center of the crystal was manually positioned in the 
center of the goniometer using the three orthogonal translational adjustments. The 
detector was connected to the specimen table and geared in such a way that when the 
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table was rotated through 0 degrees, the detector would be rotated through 29 degrees. 
To record a diffraction pattern, the detector was positioned at or near 0 � o n the 
graduated 20 scales, and then driven by a motor at constant speed. The X-rays 
reaching the detector were registered and displayed the diffraction pattern through the 
computerized control [5,6]. (Fig.2.3) 
Result 
The crystal structure of the catalysts was identified by matching the observed 
diffraction pattern with documented diffraction patterns contained in the Powder 
Diffraction File - 1998 ICDD PDF Database. 
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Figure 2.3. the geometry of the goniometer used in XRD 
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2.5 X-ray Photoelectron Spectroscopy (XPS) 
The origin of XPS can be dated back to 1887 when Hertz [6] discovered the 
emission of photoelectron by a metal when it was exposed to light. Hallwachs and J.J. 
Thompson [6] further investigated this phenomenon by illuminating matter with 
ultraviolet light. Finally, Einstein explained this phenomenon with the well-known 
photoelectric effect in 1905 [6]. These ideas formed the basis for the application of 
Electron Spectroscopy for Chemical Analysis (ESCA). The photoelectric process was 
developed for analytical use in the 1960s，largely due to the pioneering work of Kai 
Siegbahn's group. He coined the term ESCA to emphasize the - fact that both 
photoelectron and Auger electron emission peaks appear together in an XPS spectrum 
[7]. Also, it is the principal technique used to study all the chemical states and 
chemical composition within the near surface region effectively except hydrogen and 
helium. Nowadays, XPS has evolved into an automated and user-friendly surface 
analytical technique in both research and industries. 
2.5.1 Basic principles 
A photon of sufficiently short wavelength can ionize an atom and transfer the 
energy to core level electrons, which are emitted as photoelectrons (see Fig. 2.). The 
kinetic energy Ek of the photoelectron depends on the energy of the photon hv, 
expressed by the Einstein photoelectron law: 
E k = hv - E b 
where Eb is the binding energy of the electron in the atom, hv is the energy of the soft 
X-ray source (Mg K<, or Al K^ are commonly used), and Ek is the kinetic energy of 
the emitted electron that is measured in the XPS spectrometer. 
After the photoemission process, the excess energy can be consumed through 
two possible relaxation processes for the atomic core hole - Auger electron emission 
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or X-ray fluorescence. For initial vacancies in levels with binding energy of 2keV or 
less，the probability of Auger emission is dominant. There is the equation for the 
kinetic energy of KLiL2,3 Auger electron, 
E K : L I L 2 , 3 = E K - E l i - E L 2 , 3 
where EK, ELI, EL2,3 are the binding energies for the levels K, LI and L2,3, respectively. 
The kinetic energy of the Auger electron is solely determined by the energy levels of 
the atom and is independent of the energy of the excitation source. On the other hand, 
X-ray fluorescence results when a high-energy photon is emitted accompanying the 
filling of the core hole by the descent of a higher-level electron. The probability of 
X-ray fluorescence increases with atomic weight [10]. 
2.5.2 Qualitative analysis 
A typical XPS spectrum is a plot of the calculated binding energies of the 
detected photoelectrons versus their respective intensities. It generally consists of a 
series of peaks superimposed on an increasingly higher background towards higher 
binding energy. Each characteristic X-ray will give rise to a senes of photo-electron 
peaks which reflect the discrete binding energies of the electrons present in the sample. 
The intensity of each peak is proportional to the probability of from the particular core 
level it originates. Since photoemission may occur from each of the numerous core 
levels in an atom, each element thus possesses its own distinct XPS spectrum [8]. This 
spectrum can be used for identification purpose. 
Closer examination of an XPS spectrum often reveals peaks corresponding to 
Auger processes, shake-up satellites in the neighborhood of the major spectral peaks, 
and some subtle energy shifts of the major peaks from their expected positions 
(chemical shift). These three items are briefly discussed below. 
2.5.2.1. Chemical shift peaks 
Much of the effort in XPS work takes advantage of the fact that the exact BE of a 
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given core level is dependent on the chemical environment in which the element is 
situated. The “chemical shift，，refers to the subtle difference in binding energy of a 
particular core level between an “isolated" atom and the same atom chemically 
bonded to other atoms. When two atoms with different electronegativities are engaged 
in a chemical bond, the more electronegative atom will acquire a slight negative 
charge, whereas the less electronegative atom will acquire a slight positive charge. 
The core levels' BE are slightly lowered for the negatively charged species, and 
slightly raised for the positively charged species [6,8]. 
2.5.2.2. Auger peaks 
The Auger process occurs when the core hole is filled by an electron dropping 
from a higher-energy level, and that the excess energy of this transition is enough to 
eject another electron from an energy level higher than the previous one. The Auger 
peaks can provide supplementary information on element identification and chemical 
bonding in cases where such information cannot be obtained directly from the XPS 
transitions (e.g. overlapping of peaks or limitation on resolving power) [9]. 
2.5.2.3. Shake-up satellites 
When core-level electrons are leaving the atom, there is a probability that some 
valence electrons absorb a small portion of the energy and get promoted to some 
unoccupied levels. The "shake-up" of these valence electrons retards some of the 
exiting photoelectrons, thus giving a satellite of small XPS peaks with apparently 
higher BEs than that for the pure transition. These "shake-up satellites" in the 
spectrum are usually weak because the probability of their occurrence is low. 
Shake-up structure can provide further information on chemical states because the 
valence levels are involved. [8] 
30 
2.5.3 Quantitative analysis 
2.5.3.1 Surface sensitivity and sampling depth 
During an XPS measurement, the incident photons penetrate up to 10 jim into 
the solid, but the photoelectrons ejected from atoms within this region lose energy 
rapidly through inelastic scattering with the matrix elements. The sampling depth in a 
XPS measurement is thus determined by the inelastic mean free path (IMPF, X), 
which is defined as the mean distance traveled by the photoelectron in the solid before 
it undergoes inelastic scattering. The IMPF of a photoelectron is dependent on its 
energy and the type of solid materials in which it travels. Some empirical values of 
IMFP have been given by Seah and Dench, and are graphically depicted in Figure 2.6. 
The general features of this IMFP curve are quite universal for a large number of 
different materials. The sampling depth for XPS is commonly taken to be 3X, from 
which 95% of the signal is contributed [11,13]. 
2.5.3.2 Atomic concentration determination 
The intensity of a photoemission peak in a measured spectrum, for the purpose of 
the surface analysis, can be defined as the area left after subtracting the background 
contributions associated with inelastic scattering. The intensity, which should be 
proportional to the number of photoelectrons collected by the analyzer per unit time, 
is a function of the x-ray flux (f), the photoelectron cross section (CT), the number of 
atoms per unit volume (n), the area of the sample from which the photoelectrons are 
collected (A), the instrumental transmission function (T) and the inelastic mean free 
path {X). The intensity contribution from an incremental thickness dx in the sample is 
given by: 
_ X 
dl = f crn A T e x p d x Eq. (2.3) 
A, 
Simple integration from x = 0 to x = oo for a semi-finite homogeneous sample gives: 
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I = f CT n A T 入 Eq. (2.4) 
For comparing relative surface compositions of two elements in a sample, a 
commonly used approach is to group f, A, T and a into a sensitivity factor S, values 
of which are determined by the particular instrument settings and the particular 
transition under investigation. These factors, derived relatively to the F(ls) peak, are 
available for the PHI Quantum 2000 spectrometer where the transmission function is 
corrected for the particular instrumental conditions used for each measurement. The 
composition ratio for two elements in a sample, can then be expressed as: 
( 1 ) 
ni r � S i ••�.丄.. 
, = [ 1 ] [ ( 了 ） Eq. (2.5) n2 Al 
Si^ 
In principle, the atomic ratio (ni/n?) can be determined by using tabulated values ofXi 
and A.2 for the appropriate photoelectrons and the solid sample [8]. But for 
semi-quantitative work, the 入2/ h ratio is commonly taken as constant and equal to 
unity. The I1/I2 ratio, from the measured peak intensities and the ratio of sensitivity 
factors are used to estimate the ni/n� ratio within the depth probed. 
2.5.4. Instrumentation 
The PHI Quantum 2000 XPS was employed for sample analysis in this project. 
The major components of the spectrometer include a sample transport system, an 
ultra-high vacuum analyzer chamber, an electron analyzer and an X-ray source 
subsystem [12]. The operation of the spectrometer is heavily computer-assisted, and 
user-friendly. 
2.5.4.1 Ultra-high Vacuum 
Ultra-high vacuum condition was maintained for all the XPS measurements in 
this study to ensure reproducibility. The system pressure was reduced to around 10"^ 
torr. Such low pressure minimizes the contamination of the sample by the residual gas. 
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In this system, the samples were first outgassed in vacuum torr) for 30 minutes 
and were then introduced into the analyzer chamber (3 x 10"^ torr) for measurements. 
The C (Is) line at 285.0 eV was taken as a reference for binding energy calibration. 
2.5.4.2 Sample Introduction System 
The sample introduction system is a high vacuum airlock that is evacuated with a 
turbo-molecular pump. The samples are attached on a 75nin^ platen that snaps into a 
nest mounted on the door to the introduction system. A video camera is used to 
monitor the optical images of the sample platen, assisting the navigation from sample 
to sample inside the UHV analysis chamber. The platens are transferred from the 
introduction chamber to the sample stage by the automated transfer arm. (Figure2.7) 
2.5.4.3 X-ray Source 
The X-ray source subsystem provides a focused, scanning beam of photons for 
the irradiation of the samples for XPS analysis. The subsystem is made up of six 
major components: X-ray source electron gun, x-ray anode with collector, 
monochromator, high speed deflection supply, e-beam power supply and heat 
exchanger. 
The electron gun uses a LaBe cathode, electrostatic condenser lens, magnetic 
objective lens and octupole deflection plates to generate a scanning electron beam. 
The LaB6 filament produces an accelerating electron beam with 20eV and the 
electrostatic condenser lens and magnetic objective lens demagnify the source. The 
high-speed deflection system applies rapidly changing high voltages to the deflection 
plates. The corresponding electric field, generated between the plates, force the beam 
to move between the plates. Therefore, the plates steer between the electron beam and 
cause the beam to strike the Aluminum coated anode, producing K^ radiation. Finally, 
an ellipsoidal crystal array on the monochromator focuses the radiation from the 
anode onto the sample. 
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2.5.4.4 Data processing 
Smoothing, background subtraction and deconvolution of the raw XPS data were 
performed using a computer program XPSPEAK Version 4.1 Fitting Program before 
doing a spectral interpretation. 
Photoemission 
• • • • • • 2p 




X-ray fluorescence Auger emission 
Auger 
• electron z 
^ ^ L, 
hV 
y ^ V 
K K 
(b) (c) 
Figure 2.4. Schematics for (a) the photoelectric effect: the emission of photoelectron 
and the formation of atomic core hole; the de-excitation of the ion by (b) x-ray 
fluorescence and (c) Auger emission. Note that the ion is doubly charged after the 
auger de-excitation. 
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2.6 02-Temperature Programmed Desorption (O2-TPD) 
About 0.5g of catalyst was placed in the middle of a quartz microreactor with 
4mm inner diameter and silica was located at the bottom of the catalyst bed. First, the 
temperature was raised from room temperature to 800°C in 30 minutes under high 
purity He (99.99%) at a flow rate of 30 mL/min in order to remove adsorbates and 
water. Then oxygen (flow rate of 15mL/min) was passed into the sample catalysts at 
temperature of 800�C for 1 hour to ensure that the catalyst surface was completely 
adsorbed with oxygen. The O2 flow was still maintained when the catalyst was cooled 
to room temperature. After reaching room temperature, the oxygen supply was 
stopped and the catalysts sample was immediately purged with the carrier gas He at a 
flow rate of 15mL/min. Then, the valve between the reactor and GC-MS was opened. 
The GC signals were recorded from the temperature 4 0 � C to 900�C at a heating rate of 
10�C/min’ during which desorption of O2 would occur. The gases exiting the reactor 
were analyzed by on-line gas chromatography with a sophisticated mass spectrometer 
(HPG1800A). 
2.7. Halogen Analysis 
2.7.1 The Determination of Chloride by Fajans Method 
About O.lg catalyst sample was weighed and mixed with 25mL of 0.1 M NaOH in 
a beaker. Then, 25ml of distilled water was added into the mixture. The suspension 
was kept boiling for 30 minutes, during which distilled water was slowly added to 
maintain the volume. After heating, the mixture was allowed to cool down. The 
excess base was neutralized by adding dropwise 2M HNO3 solution. The neutrality 
was finally checked with pH paper. 
After the sample had been digested, the mixture was filtered and the filtrate was 
diluted to 100ml. The 25 ml of the diluted solution was pipetted out and mixed with 1 
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ml of buffer solution (pH=4). This mixture was titrated with standardized AgNO] 
solution using dichlorofluroescein as indicator. The end-point was indicated by a color 
change from yellow to pink. The blank was determined by using 25ml O.IM NaOH 
solution containing all the reagents. 
2.7.2. The Determination of Fluoride Content by ISE Fluoride Electrode 
Fluoride concentration was determined by fluoride ion-selective electrode. A 
calibration curve was first obtained from stock solutions with fluoride concentrations 
of 2 X 10-2 M, 2 X 10-3 M，2 X 10"" M，2 X 川—亏 � x lO"^ M, respectively, each filled 
up to the mark with buffer solution. The solutions were stirred gently while the 
measurements were taken. The calibration curve was presented in the form of a Eobv 
versus log F plot. 
About 20mg of catalyst was dissolved in 3 ml HNO3/HCI (1:3 by volume). The 
mixture was heated carefully without boiling. If the sample was difficult to dissolve, 
small amount of ammonium chloride can be added to help dissolving the sample. 
After cooling to room temperature, the pH was adjusted to about 5.0 by adding 2M 
sodium acetate, and the solution was then filtered. The filtrate was poured into a 50 ml 
volumetric flask, which was filled up to the mark with the buffer solution. The 
solution must be stirred gently while the measurements were taken. The fluoride ion 
was determined by fluoride ion-selective electrode. 
2.8. The Determination of Mn Concentration 
The Mn4+ content of the catalysts was determined by redox titration. The sample 
(0.2 g) was dissolved in 2.6M H3PO4 solution containing standard O.IM Fe^^ 
((NH4)2Fe(S04)2 • 6H2O solution. The resulting solution was titrated against 0.0167M 
K2Cr207 in lOmL H2SO4 (1:5 by volume), 5ml 85% phosphoric acid and 6-8 drops of 
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Chapter 3 Halide-doped perovskite-type Lao sBao ^ Mni .Cu.Os s 
catalysts for oxidative dehydrogenation of ethane to ethene 
3.1 Introduction 
Perovskite-type oxides (ABO3) have been investigated extensively and 
intensively for the catalytic combustion of CO and hydrocarbons (HC). This kind of 
materials can tolerate substantial substitutions at both cationic sites while the 
backbone structure of the crystal remains unchanged. The partial substitution of A 
and/or B cations by foreign cations with different oxidation states gives rise to (i) a 
change in the oxidation state (or electronic doping) of the B-site cations, as in the case 
of the La,_,Sr,Mn03-^ series，and (ii) structural defects (e.g., anionic and cationic 
vacancies) which are generally associated with the physico-chemical properties of the 
materials. Among the lanthanum-transition metal perovskites, those containing La and 
Mn have received much attention in both fundamental research and applied science 
since they exhibit (depending upon the preparation conditions such as temperature 
and atmosphere) a wide range of oxidative nonstoichiometiy, causing strong 
modifications in their physico-chemical properties. In generally, the replacements of 
the A-site cations mainly affect the amount of adsorbed oxygen, whereas the 
replacements of B-site cations influence the nature of adsorbed oxygen [1]. It is 
expected that such isostructural substitutions would bring about modification of 
catalytic behaviors of the perovskites. It has been reported that the catalytic activity of 
La,_,Sr,M03-^(M = Mn, Co, Cr, Fe) for CO oxidation increases [2,3] with increasing 
Sr content. The substitution of Sr^ "" for La], at A sites increases the density of oxygen 
vacancies and regulates the distribution of B-site cations of various oxidation states. 
The substitution of Cu for Mn at B sites in LaMn,_,Cu;c03 catalysts results in a 
marked increase in the conversion of CO. This improvement in catalytic activity was 
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attributed to a synergistic effect of 0： activation by manganese oxide and CO 
activation by copper ions [4]. LaMnOs.,-exhibits oxidative nonstoichiometry (excess 
oxygen, S> 0) [5]. The substitution of Cu for Mn would lead to a loss of oxygen, and 
the eventual appearance of oxygen vacancies as charge compensators. Fierro and 
co-workers [5] pointed out that the LaMn,_,Cu,03 perovskites showed (i) oxidative 
nonstoichiometry at x < 0.4’ (ii) stoichiometry at 义 = 0 . 5 , and (iii) reductive 
nonstoichiometry (oxygen deficiency, < 0) at ;c = 0.6. For La,-,Ca,Mn03.^ 
perovskites, however, Wu et al. [6] reported that the materials exhibited oxidative 
nonstoichiometry up to x > 0.8. It has been generally accepted that the increase in the 
number of oxygen vacancies and/or the concentration of hypervalent B-site cations 
facilitates the total oxidation of CO and HC [7,8]. Perovskite-type oxides such as 
L a 丨為 C o 丨兵 0 3 - C 5 [9], [10]，and S r C e 丨 - 少 [ 1 1 ] have 
been reported to be effective for the oxidative coupling of methane (OCM). Recently, 
Takehira and co-workers [12] investigated a class of La,..Sr.FeOs-^ catalysts for the 
oxidative dehydrogenation of ethane (ODE) to ethene. The best performing catalyst 
’ was found to be SrFeOs-^ which gave 87% C2H6 conversion and 43% C2H4 
selectivity (ca. 37% C2H4 yield) at 650°C and C2H6/O2 molar ratio = 1/1. The good 
performance of SrFeCb-^j in comparison with other members in the La,_,Sr,Fe03_^ 
series may be associated with the presence of the largest amounts of oxygen vacancies 
and Fe"^ ions. 
Many subsequent investigations demonstrated that minor modifications of the 
perovskite- or perovskite-related oxides could result in catalysts with improved 
catalytic performance for the ODE reaction. These include a series of halide-doped 
perovskite-type oxides such as SrFeOs-/：^ [13], SrCoOj-/：!^  [14]，and 
Lai-^Sr^FeOs-^jXcr (X = F, CI) [15]; halide-doped perovskite-related oxides such as 
YBa2Cu307-rfXa [16]; hole-doped La,.85Sro,,5Cu04-^^ and electron-doped 
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Ndi.85Ceo. 1 sCuO^-^a [17]. 
The current work was based on the LaMni_;,Cu^03 catalyst. The oxygen 
nonstoichiometry and relative contents of Mn"十 and Cu”+ were controlled by the 
substitution of La�"" with Ba^^ at the A sites and the incorporation of halide ions into 
the vacant oxygen positions. It was envisioned that the resulting changes in the ionic 
character and the population of defects of the catalyst would improve its activity for 
the selective oxidation of ethane to ethene. The catalytic activities of the undoped and 
halide-doped perovskite-type Lao.8Bao.2Mni_;cCu;c03-^- catalysts for the ODE reaction 
were measured by gas chromatography (G.C). The structure of each catalyst was 
characterized by a host of techniques including X-ray diffraction (XRD), X-ray 
photoelectron spectroscopy (XPS), temperature-programmed desorption (TPD)， 
Brunauer, Emmett and Teller (BET), halogen analysis and Mn oxidation state 
titration. 
3.2 Experimental 
The catalysts Lao.gBao.jMrii.xCuxOa-s and Lao.8Bao.2Mn1 .xCuxOs^gXa (X = F" or 
CI—) perovskite oxides were prepared by the thermal decomposition of their respective 
precursor complexes derived from nitrate solutions using citric acid as a complexing 
agent. The catalysts were prepared by mixing appropriate ratios of (i) La(N03)3*6H20 
(Sigma, >99%), Ba(N03)2 (Aldrich, >99%), Mn(CH3C00)2.4H20 (Aldrich, >99%) 
and Cu(N03)2*2.5H20 (Aldrich, >98%) for Lao.gBao.zMni.xCuxOs-a (x = 0，0.1，0.3， 
0.5, 0.7，0.9); (ii) LaFj (Acros，>99%), Ba(N03)2，Mn(CH3C00)2.4H20 and 
Cu(N03)2*2.5H20 for Lao.gBao.zMni.xCuxOj-^Fa； and (iii) LaCl3*6H20 (Sigma, 
>99.9%), Ba(N03)2， Mn(CH3C00)2.4H20 and Cu(N03)2.2.5H20 for 
Lao.8Bao.2Mn1 .xCuxOs-sCla. In order to control the amount of F— (or CI") ions in 
Lao.8Bao.2Mni.xCux03-8, LaF] (or LaCl3*6H20) was employed as a precursor. The 
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required amounts of F' (or CP) ions for Lao.8Bao.2Mn1.xCuxO3.6Fa (or 
Lao.8Bao.2Mn1 -xCuxOs-sCIct) generation were added and the remaining amount of 
lanthanum required was added in the form of La(N03)3^6H20. After dissolving these 
powders in deionized water and mixing with citric acid (monohydrate, Aldrich, >99%) 
equimolar to the metals, the solution was evaporated at 7 0 � C to produce a viscous 
syrup. After further evaporation at 120°C for 8 hours and calcination at 960 °C for 18 
hours, the material was ground, pressed, crushed and sieved to a grain size of 40-80 
meshes. 
The catalytic performance was carried out at 1 atm with 0.5g of the catalysts and 
5g of quartz sand in a fixed-bed quartz micro-reactor (4mm internal diameter). The 
flow rate was 14.8 ml min"' for ethane and 35.2 ml min~' for air, and a C2H6:02:N2 
molar ratio of 2:1:3.7. The temperature range was from 500 to 700�C at 2 0 � C intervals. 
The product mixture (C2H6, C2H4, CH4, CO, and CO2) was analyzed on-line by a 
Shimadzu 8A T C D gas chromatography with Porapak Q and 5A molecular sieve 
columns. 
The crystal structures of the catalysts were determined by an X-ray 
diffractometer (Huber) operating at 40kV and 150mA using Cu K« radiation. The 
structures of the crystal phases were identified by matching the experimental 
diffraction pattern with the powder diffraction data in the 1998 ICDD PDF Database. 
The cationic and anionic core-level binding energies of the catalysts were determined 
by XPS (PHI Quantum 2000) technique, using monochromatic A1 X-ray as the 
excitation source. The C (Is) line at 285.0 eV was taken as a reference for binding 
energy calibration. The specific surface areas of the catalysts were measured by BET 
isotherm (Nova 1200). 
In the O2-TPD experiment, 0.5g of the catalyst sample was placed in the middle 
of a quartz micro-reactor with 4 mm internal diameter. Before the actual measurement, 
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the sample was calcined at 850�C for 1 h under an oxygen flow of 20mL min~', 
cooled to room temperature in oxygen, and finally purged with helium (20mL min"^) 
for 1 h. The desorption experiment was performed at a heating rate of 1 0 � C min"^ 
between the temperature range from 30 to 850°C. The outlet gases were analyzed on 
line by mass spectrometry (HP G1800A). 
The CI content of the catalyst was determined by titration. The sample was first 
digested in 0.1 M NaOH solution. The resulting solution was neutralized by 2M HNO3 
solution and titrated against standardized AgNOs solution, using 0.005M potassium 
chromate as an indicator. 
The fluoride ion content of the catalyst was determined by a fluoride ion 
selective electrode. A calibration line of log [F_ ion concentration] versus the 
electrode voltage was first obtained. About 20 mg of the sample was dissolved in 
2mL 6M HNO3 solution. Then the pH value of the solution was adjusted to be 
between 6 and 7 by 1.1 M CHjCOONa solution. With the measurement of electrode 
voltage by a digital ph/millivolt meter 611 (Orion Research) combined fluoride ion 
selective electrode 900200，the F~ ion concentration in the solution could be estimated 
考•“ 
against the calibration curve of standardized NaF solution. 
The Mn4+ content of the catalysts was determined by redox titration. The sample 
(0.2 g) was dissolved in 2.6M H3PO4 solution containing standard O.IM Fe^ ^ 
((NH4)2Fe(S04)2 • 6H2O solution. The resulting solution was titrated against 0.0167M 
K2Cr207 in lOmL H2SO4 (1:5 by volume), 5ml 85% phosphoric acid and 6-8 drops of 
sodium diphenylamine sulfonate indicator. 
3.3. Results 
3.3.1. Catalyst Composition, Surface Area and Structure 
The compositions and surface areas of the perovskite-type oxide and halo-oxide 
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catalysts are shown in Table 3.1. The results of redox titration of Mn"^ " in the Mn 
content is attained the maximum value of 29.6% as x = 0.1，Lao.8Bao.2Mno.7Cuo.3O2 846 
( M i / 十 = 2 7 . 3 % ) was only slightly inferior to Lao.8Bao.2Mno.5Cuo.5O2.713 and then 
decreased eventually for the undoped series. In the series of catalysts doped with 
halide ions, the maximum value of the Mn4+ content was found at x = 0.3, which was 
34.2% for F-doped series and 35.4% for the Cl-doped series, respectively. The values 
then decreased gradually with increasing x. B y taking into account the experimental 
Mn(III), Mn(IV), and halide contents, the following oxidative and reductive 
nonstoichiometric formulas will be derived (Table 3.1). 
The surface areas of a series of undoped and two series of halide-doped catalysts 
were measured by B E T isotherm, the results of which are shown in Table 3.1. The 
surface areas were found to vary slightly over one order of magnitude, from 0.35 to 
4.63 It can be concluded that the surface areas of the three series of catalysts 
were not affected significantly by the chemical compositions. In fact, the surface areas 
for the three best catalysts were comparable ( � 1 . 2 - 1 . 8 m V ' ) - The surface areas of all 
the samples considered were less than 5 m^ g \ owing to the high calcination 
temperature used; and that they showed no dependence on the value of x [19,20]. 
X-ray diffraction patterns were obtained from as-prepared samples of 
Lao.8Bao.2Mni.xCux03-6, Lao.8Bao.2Mni.xCux03-5Cla, and Lao.8Bao.2Mn1.xCuxO3.5Fa (x = 
0-0.9), respectively. B y comparing the X R D patterns of these perovskite-type oxides 
and halo-oxides with the I C D D PDF Database data of LaMnO] (No.75-0440), the 
representative diffractograms shown in Fig. 3.1a-3.1c were obtained. The cubic 
perovskite structure was preserved for halide-free catalysts with x < 0.5. But when x > 
0.7, the lines can be assigned to cubic Lao.8Bao.2Mni.xCux03-5, orthorhombic La2Cu04 
and monoclinic CuO. In the Cl-doped series, the purely cubic 
Lao.gBao.zMni.xCuxOs-eCla perovskite structure was preserved upon the substitution of 
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manganese by copper up to x = 0.9. For x > 0.7，small amounts of orthorhombic 
La2Cu04 and monoclinic CuO were found. In the F-doped series, purely cubic 
Lao.8Bao.2Mn1 -xCuxOs-aFa structures were preserved with x < 0.5. When x > 0.5, small 
amounts of orthorhombic La2Cu04 and monoclinic CuO appeared. These results 
indicate that the modification of Lao.sBao.zMm.xCuxOa-s by C P or F— ions did not 
disrupt the original cubic phase to any significant extent. They also suggest that the 
unfavorable phases created, such as those in the undoped series, would lead to a 
decrease in C2H4 selectivity. In contrast, the Cl-doped series and the F-doped series 
produced better C2H4 selectivity of -40-60% and �8-20%，respectively, possibly due 
to the retention of the pure cubic face of the perovskite structure as well as less 
unfavorable phase in these two series. These figures are significantly better than those 
obtained from the undoped series ( � 3 - 4 % C2H4 selectivity). More detailed figures can 
be found in Table 3.1. 
Phase analyses of Lao.8Bao.2Mno.7Cuo.3O2.846, La0.8Ba0.2Mn0.7Cu0.3O2.808F0.124, and 
Lao.8Bao.2Mno.7 Cuo.3O2.8i7Clo.114 before and after the ODE reaction are shown in 
Figure 3.2. It is evident that the cubic structures were still intact after the ODE 




Crystal structures, Compositions, and Surface Areas of Catalysts 
Phase Mn4+ conc.^ F or CI § r^ Surface area 
Catalyst composition ^ (mol%) content(wt%) (m^ 
Lao.8Bao.2Mn03-^ ,- C 26.2 — -0.031 — 4.63 
Lao.8Bao.2Mno.9Cuo.i03-^ - C 29.6 — 0.017 — 4.45 
Lao.8Bao.2Mno.7Cuo.303-j C 27.3 — 0.154 — 1.79 
Lao.8Bao.2Mno.5Cuo.503-<y C 25.1 — 0.287 — 1.63 
W^Bao.iMno.iCuojO^-s C + LajCuO* 23.7 — 0.414 — 1.98 
(trace) 
Lao.8Bao.2Mno.1Cuo.9O3—C + La2Cu04 12.4 — 0.544 — 0.61 
(trace) + CuO 
(trace) 
U.8Bao.2Mn03-^a C 26.1 1.12 0.020 0.102 2.20 
Lafl.8Bao.2Mno.9Cuo.1O3— f^a C 28.8 1.22 0.076 0.112 1.65 
U.gBao.zMno.vCuojOs-dfcr C 34.2 1.35 0.192 0.124 1.60 
U.sBao.zMno.sCuo.sOs-^cr C + La2Cu04 31.1 2.67 0.395 0.246 1.55 
(trace) 
a^o,8Bao.2Mno.3Cuo.703-<^ a^ C + LasCuOq 29.5 3.66 0.575 0.338 1.51 
(trace) + CuO 
(trace) 
U.8Bao.2Mno.iCuo.903-afa C + LazCuOd 10.6 4.63 0.759 0.428 0.37 
(trace) + CuO 
(trace) 
UsBao.sMnOs-dCla O 26.4 1.94 0.016 0.096 2.40 
L 知.8Bao.2Mno.9Cuo.i03—(lcT 〇 27.3 2.08 0.079 0.103 2.10 
〔知.8Bao.2Mno.7Cuo.303-(lcT C 35.4 2.30 0.183 0.114 1.19 
L 知.8Bao.2Mno.5Cuo.503-(lcr C 23.2 4.12 0.395 0.206 1.11 
^^ .8Bao.2Mno.3Cuo.703-<5Cla C 19.4 5.69 0.565 0.288 1.21 
^^.8Bao.2Mno.iCuo.903-^,Cla C + La2Cu04 8.3 6.85 0.720 0.349 0.35 
(trace) + CuO 
^ (trace) 
^C, cubic. 
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Figure 3.1a. XRD pattern of La^ gBa^ ^ Mn, ^Cu^Oj g 
o stands for CuO 
* stands for La^CuO* 
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Figure 3.1b. XRD pattern of La. ,Mn, Cu O, 
U.o U.Z 1 -X X 3 -6 G 
0 stands for CuO 
* stands for La^CuOd 
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Figure 3.1c. X R D pattern of L a , , M n , C u O , X I 
U.o U.Z 1 一X X J-0 CT 
0 stands for C u O 
* stands for LazCuOd 
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Figure 3.2. X R D pattern of (a, a') La^ ^ ^Ba^^Mn^ (b，b’） 
and (c, c，) Lao.sBa�2M1I0 7C1I0 3 O 而 C I � 
(a, b, c) the sample before the O D E reaction, (a’，b', c,) the sample after the O D E reaction 
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3.3.2. Cata ly t ic Per formance 
A blank experiment was conducted first by running the reaction in the absence of 
catalyst to determine the contribution of pure gas-phase oxidative dehydrogenation of 
ethane. The results indicated that the homogeneous, pure gas-phase C2H6 conversion 
reaction was negligible below 680�C; but it became significant above 680�C. 
Therefore, the temperatures of the reactions in the present work were set at or below 
6 8 0 � C to ensure that data obtained would directly activities correspond to activities of 
the different catalysts, without the need to do complicated subtraction of the pure gas 
phase contribution. 
The reaction temperature dependence of the catalytic performance of undoped 
and halide-doped perovskite catalysts are shown in Tables 3.2(a-f), 3.3(a-f) and 
3.4(a-f). It can be concluded that for Lao.8Bao.2Mn1 -xCuxOs-g, 
Lao.8Bao.2Mn1 -xCuxOs-eFa and Lao.8Bao.2Mni.xCux03-5Cl a (x = 0-0.9), the C2H6 
conversion, C2H4 selectivity and C2H4 yield remained relatively unchanged for the 
undoped catalysts, but were increased dramatically for the halide-doped catalysts, 
when the temperature was increased from 500°C to 660°C. It is also evident that at 
680�C these three series of catalysts gave the maximum values Of C2H6 conversion, 
C2H4 selectivity and C2H4 yield; accompanied by the lowest output of CO* and CH4. 
Thus, 680°C was chosen as the optimum operating temperature for all other catalysts. 
The performance of undoped and halide-doped perovskite catalysts at 680°C is 
summarized in Table 3.5. In the Lao.gBao.zMni.xCux03.8 (x = 0-0.9) series of catalysts, 
the values o f C2H6 conversion, C2H4 selectivity and C2H4 yield were unaffected by the 
Cu content, with maximum values of 20.8，19.4’ and 4.0%, respectively, achieved by 
Lao.8Bao.2Mno.5Cuo.5O2.713. The performance of Lao.8Bao.2Mno.7Cuo.3O2.846 was very 
close to that of Lao.8Bao.2Mno.5Cuo.5O2.713. In the Lao.gBao.zMni.xCuxOs-sFa (x = 0-0.9) 
series of catalysts, the C2H6 conversion, C2H4 selectivity and C2H4 yield attained the 
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maximum values of 31.9%, 55.9% and 17.8%, respectively, at x = 0.3. The 
corresponding CH4 and COx selectivities were 1.9% and 42.2%, respectively. In the 
Lao.8Bao.2Mni-xCux03-A. (x = 0-0.9) series of catalysts doped with CI, the C2H6 
conversion, C2H4 selectivity and C2H4 yield first increased with Cu content, achieving 
maximum values of 73.0%, 69.5% and 50.8%, respectively, at x = 0.3，but then fell 
o f f with further increase in Cu content. The corresponding CH4 selectivity and COx 
selectivity were 7.3%, and 23.2%. 
The best catalyst from each series of catalysts was chosen for further studies. 
Fig.3.3a shows that the C2H6 conversion, C2H4 selectivity and C2H4 yield increased, 
while the COx selectivity decreased, with increasing reaction temperature between 
5 0 0 � C and 7 0 0 � C , over the undoped Lao.gBao.zMni.xCuxOs-s catalysts. All the catalysts 
in this series gave 0% CH4 selectivity. The best catalytic performance was obtained 
from Lao.8Bao.2Mno.7C1io.3O2.846 at 680�C，giving 20.7% C2H6 conversion, 18.3% C2H4 
selectivity, and 4.0% C2H4 yield. Fig. 3.3b shows that the C2H6 conversion, C2H4 
selectivity, CH4 selectivity, COx selectivity and C2H4 yield remained unchanged over 
the La0.8Ba0.2Mn0.7Cu0.3O2.808F0.124 catalysts with increasing temperature from 500 to 
6 4 0 � C . However, further increase in temperature beyond 640°C resulted in significant 
increase in the C2H6 conversion, C2H4 selectivity and C2H4 yield, accompanied by a 
significant drop in COx selectivity. Fig.3.3c shows that the C2H6 conversion, CH4 
selectivity and C2H4 yield increased with temperature over the 
Lao.8Bao.2Mno.7Cuo.3O2.8i7Clo.114 catalysts. The maximum value of C2H4 selectivity 
was obtained at 660°C, whereas the minimum value of COx selectivity was obtained 
at the same temperature. However, the maximum C2H4 yield of 50.8% was obtained 
at 680°C. 
53 
Table 3.2a. Catalytic performance of La0.8Ba0.2MnO3.031 catalyst for 
ODE reaction at different temperatures 
Temperature Conversion Selectivity (%) Yield(%) 
r c ) m 
C2H6 C O / CH4 C2H4 C2H4 
500 m ^ 0 m " Is 
540 17.6 84.3 0 15.7 2.9 
580 16.4 92.0 0 8.0 1.3 
600 16.3 93.5 0 6.5 1.1 
620 16.3 93.6 0 6.4 1.0 
640 16.5 93.1 0 6.9 1.1 
660 16.7 92.7 0 7.3 1.2 
680 16.8 92.4 0 7.6 1.3 
700 17.0 91.6 0 8.4 1.4 
T a b l e 3 . 2 b . C a t a l y t i c p e r f o r m a n c e o f Lao.8Bao.2Mno.9Cuo.1O2.983 
c a t a l y s t f o r O D E r e a c t i o n at d i f f e r e n t t e m p e r a t u r e s 
Temperafure Conversion Selectivity (%) Yielcl(%) 
( � C ) (Vo) 
C2H6 C O / CH4 C2H4 C2H4 
500 ^ 0 J a 
540 18.1 80.8 0 19.2 3.5 
580 18.2 80.8 0 19.2 3.5 
600 17.9 80.0 0 20.0 3.6 
620 17.9 80.6 0 19.4 3.6 
640 18.0 80.7 0 19.4 3.5 
660 18.2 80.6 0 19.4 3.5 
680 18.1 82.9 0 17.1 3.1 
700 18.6 77.4 0 22.6 4.2 
C O / = CO + CO2 
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Table 3.2c. Catalytic performance of Lao.8Bao.2Mno.7Cuo.3O2.846 
catalyst for ODE reaction at different temperatures 
Tempera tu re Conversion Selectivity ( % ) Y i e l d ( % ) 
CC) ⑶ 
C2H6 C O / CH4 C2H4 C2H4 
500 r ^ m 0 17^ 3.1 
540 18.8 82.7 0 17.3 3.3 
580 18.6 82.0 0 18.0 3.4 
600 19.0 81.7 0 18.2 3.5 
620 19.2 81.9 0 18.1 3.5 
640 19.7 82.3 0 17.8 3.5 
660 19.9 82.1 0 17.9 3.6 
680 20.7 81.7 0 18.3 3.8 
700 21.3 81.5 0 18.5 3.9 
T a b l e 3 . 2 d C a t a l y t i c p e r f o r m a n c e o f Lao.8Bao.2Mno.5Cuo.5O2.713 
c a t a l y s t f o r O D E r e a c t i o n a t d i f f e r e n t t e m p e r a t u r e s 
Tempera tu re Conversion Selectivity ( % ) Y i e l d ( % ) 
r c ) _ _ m 
C2H6 C O / CH4 C2H4 C2H4 
500 ^ 0 n 
540 18.1 82.0 0 18.0 3.2 
580 19.0 82.9 0 17.1 3.2 
600 18.9 82.7 0 17.3 3.3 
620 19.2 81.8 0 18.3 3.5 
640 19.7 81.5 0 18.5 3.7 
660 20.3 81.0 0 19.0 3.9 
680 20.8 80.6 0 19.4 4.O 
700 21.5 79.9 0 20.1 4.3 
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Table 3.3e. Catalytic performance of La0.8Ba0.2Mn0.3Cu0.7O2.425F0.338 
catalyst for ODE reaction at different temperatures 
Tempera tu re Conversion Selectivity ( % ) Y i e l d ( % ) 
(OQ m 
C2H6 C O / CH4 C2H4 C2H4 
17.7 81.5 0 18.5 3.3 
540 17.7 83.4 0 16.6 2.9 
580 14.2 79.3 0 20.7 2.9 
600 18.2 84.2 0 15.8 2.9 
620 17.9 84.0 0 16.0 2.9 
640 18.1 84.1 0 15.8 2.9 
660 18.2 84.8 0 15.2 2.8 
680 18.6 84.4 0 15.6 2.9 
700 19.1 83.7 0 16.3 3.1 
T a b l e 3 . 2 f . C a t a l y t i c p e r f o r m a n c e o f Lao.8Bao.2Mno.iCuo.9O2.456 
c a t a l y s t f o r O D E r e a c t i o n a t d i f f e r e n t t e m p e r a t u r e s 
Tempera tu re Conversion Selectivity ( % ) Y i e l d ( % ) 
CC) ( % ) 
C2H6 C O / CH4 C2H4 C2H4 
^ 18.4 82.4 0 17.6 3.2 
540 17.7 84.3 0 15.7 2.8 
580 17.5 84.1 0 15.9 2.8 
600 18.6 84.4 0 15.6 2.9 
620 18.9 84.0 0 16.0 3.0 
640 19.1 84.3 0 15.7 3.0 
660 19.2 84.0 0 16.0 3.1 
680 19.8 84.1 0 15.9 3.1 
700 20.1 83.3 0.3 16.3 3.3 
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Table 3.3a. Catalytic performance of Lao:8Bao.2Mn02.98oFo.io2 catalyst 
for ODE reaction at different temperatures 
Tempera tu re Conversion Selectivity ( % ) Y i e l d ( % ) 
c c ) m 
C2H6 C O / CH4 C2H4 C2H4 
16.6 90.7 0 9.3 1.5 
540 16.2 93.8 0 6.2 1.0 
580 16.0 95.5 0 4.5 0.7 
600 16.6 94.5 0 5.5 0.9 
620 17.0 92.1 0 7.9 1.3 
640 17.3 88.7 0 11.3 2.0 
660 18.9 91.0 0 19.0 3.6 
680 23.2 63.1 1.3 35.6 8.3 
700 31.6 45.3 2.5 52.2 16.5 
T a b l e 3 . 3 b . C a t a l y t i c p e r f o r m a n c e o f Lao.8Bao.2Mno.9Cuo.1O2.924Fo.112 
c a t a l y s t f o r O D E r e a c t i o n a t d i f f e r e n t t e m p e r a t u r e s 
Tempera tu re Conversion Selectivity ( % ) Y ie ld % ) 
CC) (Vo) 
C2H6 C O / CH4 C2H4 C2H4 
m 19.3 75.2 0 24.8 4.8 
540 19.6 74.4 0 25.6 5.0 
580 19.9 73.4 0 26.6 5.3 
600 20.1 73.1 0 26.9 5.4 • 
620 20.8 72.4 0 27.6 5.7 
640 21.1 71.6 0 28.4 6.0 
660 21.8 68.9 0 31.1 6.8 
680 23.2 62.5 0 37.5 8.7 
700 27.4 51.5 1.5 47.1 12.9 
CO/ = CO + CO2 
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Table 3.3e. Catalytic performance of La0.8Ba0.2Mn0.3Cu0.7O2.425F0.338 
catalyst for ODE reaction at different temperatures 
Tempera tu re Conversion Selectivity ( % ) Y ie ld % ) 
r c ) m 
C2H6 c c y CH4 C2H4 C2H4 
500 ^ T U 0 ^ ^ 
540 22.0 69.9 0 30.1 6.6 
580 22.0 69.9 0 30.1 6.6 
600 21.1 71.1 0 28.9 6.1 
620 21.3 70.8 0 29.3 6.2 
640 22.1 67.7 0 32.3 7.2 
660 24.3 61.0 0 39.0 9.5 
680 31.9 42.2 1.94 55.9 17.8 
700 49.2 28.3 9.8 66.8 32.9 
T a b l e 3 . 3 d . C a t a l y t i c p e r f o r m a n c e o f La0.8Ba0.2Mn0.5Cu0.5O2.605F0.246 
c a t a l y s t f o r O D E r e a c t i o n a t d i f f e r e n t t e m p e r a t u r e s 
Tempera tu re Conversion Selectivity ( % ) Y ie ld % ) 
CQ ( % ) 
C2H6 C O / CH4 C2H4 C2H4 
500 ^ 0 ^ 
540 16.9 94.9 0 5.1 0.9 
580 16.8 94.7 0 5.3 0.9 
600 16.8 87.6 0 12.4 2.1 
620 32.2 84.6 1.7 1307 3.2 
640 27.7 85.2 1.9 12.8 3.6 
660 30.4 85.1 1.9 13.0 3.9 
680 35.3 80.0 2.6 17.5 6.2 
700 36.9 75.2 2.4 22.4 8.3 
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Table 3.3e. Catalytic performance of La0.8Ba0.2Mn0.3Cu0.7O2.425F0.338 
catalyst for ODE reaction at different temperatures 
Tempera tu re Convers ion Selectivity ( % ) Y ie ld % ) 
r c ) ( % ) 
C2H6 C ( V CH4 C2H4 C2H4 
500 ^ 0 1 1 6 ^ 
540 19.7 84.3 0 15.8 3.1 
580 20.3 83.7 0.4 15.9 3.2 
600 21.8 82.5 0.5 17.1 3.7 
620 23.1 81.7 0.5 17.7 4.1 
640 24.2 80.0 0.8 19.2 4.6 
660 27.1 79.0 1.2 19.8 5.4 
680 30.9 74.9 2.2 22.8 7.0 
700 39.5 52.5 3.2 44.3 17.5 
T a b l e 3 . 3 f C a t a l y t i c p e r f o r m a n c e o f Lao.8Bao.2Mno.1Cuo.9O2.241 F0.428 
c a t a l y s t f o r O D E r e a c t i o n a t d i f f e r e n t t e m p e r a t u r e s 
Temperature- Conversion Selectivity ( % ) Y ie ld % ) 
r c ) ( % ) 
C2H6 C O / CH4 C2H4 C2H4 
500 ^ ^ 0 ^ 4 3 
540 18.0 81.7 0.9 17.4 3.1 
580 21.5 82.5 0.3 17.2 3.7 
600 21.7 82.5 0 17.5 3.8 . 
620 20.4 80.7 0.3 19.0 3.9 
640 21.4 79.5 0.4 20.1 4.3 
660 22.8 76.1 0.6 23.4 5.3 
680 29.5 63.4 2.0 34.5 10.2 
700 41.9 41.5 3.8 54.7 22.9 
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Table 3.4a. Catalytic performance of La0.8Ba0.2MnO2.984Cl0.096 catalyst 
for ODE reaction at different temperatures 
Tempera tu re Conversion Selectivity ( % ) Y i e l d ( % ) 
c c ) m 
C2H6 C ( V CH4 C2H4 C2H4 
500 17.3 83.13 0 16.9 2.9 
540 17.4 83.46 0 16.6 2.9 
580 18.7 77.28 0.43 22.3 4.2 
600 20.9 70.66 0.61 28.7 6.0 
620 25.5 57.49 1.12 41.4 10.6 
640 33.3 44.12 1.93 54.0 18.0 
660 46.2 31.86 3.46 64.7 29.9 
680 62.3 27.75 7.34 64.9 40.5 
700 73.5 44.29 9.85 45.9 33.7 
T a b l e 3 . 4 b . C a t a l y t i c p e r f o r m a n c e o f La0.8Ba0.2Mn0.9Cu0.1O2.921Cl0.103 
c a t a l y s t f o r O D E r e a c t i o n a t d i f f e r e n t t e m p e r a t u r e s 
Tempera tu re Conversion Selectivity ( % ) Y ie ld % ) 
CC) (%� 
C2H6 C O / CH4 C2H4 C2H4 
500 17.3 81.7 0 18.4 3.2 
540 17.8 81.7 0 18.3 3.3 
580 20.1 74.3 0.4 25.2 5.1 
600 22.9 65.0 0.6 34.1 7.8 • 
620 29.5 50.5 1.1 48.2 14.2 
640 41.0 36.0 1.9 61.7 25.2 
660 58.7 24.9 3.5 69.3 40.7 
680 73.0 32.9 7.3 57.6 42.0 
700 82.2 55.1 9.9 33.8 27.8 
C O / = C O + CO2 
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Table 3.4c. Catalytic performance of Lao.8Bao.2Mno.7Cuo.3O2.8i7Clo.114 
catalyst for ODE reaction at different temperatures 
Tempera tu re Conversion Selectivity ( % ) Y ie ld % ) 
r c ) m 
C2H6 C ( V CH4 C2H4 C2H4 
500 ^ 0 ^ J a 
540 17.8 78.2 0 21.8 3.9 
580 19.8 71.5 0.2 28.2 5.6 
600 23.2 62.1 0.4 37.5 8.7 
620 30.0 47.4 0.8 51.8 15.5 
640 42.0 32.6 1.6 65.8 27.6 
660 59.4 21.6 4.4 74.0 44.0 
680 73.0 23.2 7.3 69.5 50.8 
700 82.9 25.6 9.8 64.7 53.6 
T a b l e 3 . 4 d . C a t a l y t i c p e r f o r m a n c e o f Lao.8Bao.2Mno.5Cuo.5O2.605Clo.206 
c a t a l y s t f o r O D E r e a c t i o n a t d i f f e r e n t t e m p e r a t u r e s 
Tempera tu re Conversion Selectivity ( % ) Y ie ld % ) 
CQ (Vo) 
CzHe C ( V CH4 C2H4 C2H4 
500 l i ^ ^ 0 ^ 
540 19.5 76.5 0 23.5 4.6 
580 20.2 73.9 0 26.1 5.3 
600 21.1 70.2 0 29.8 6.3 
620 23.9 60.0 0 40.0 9.6 
640 40.6 29.8 3.7 65.5 26.6 
660 60.0 28.9 7.3 63.8 38.3 
680 63.1 29.1 7.8 63.1 39.8 
700 62.9 28.9 7.8 63.4 39.8 
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Table 3.4e. Catalytic performance of Lao.8Bao.2Mno.3Cuo.7O2.435Clo.288 
catalyst for ODE reaction at different temperatures 
Temperature Conversion Selectivity (%) Yield %) 
CC) m 
C2H6 C O / CH4 C2H4 C2H4 
500 iT^ SU 0 3A 
540 18.0 80.2 0 19.8 3.6 
580 18.9 76.2 0.3 23.5 4.5 
600 19.7 72.4 0.4 27.2 5.4 
620 21.5 66.1 0.5 33.4 7.2 
640 27.1 50.6 1.1 48.3 13.1 
660 38.5 35.1 2.5 62.4 24.0 
680 53.4 25.0 4.7 70.3 37.6 
700 67.0 25.5 6.2 68.2 45.7 
T a b l e 3 . 4 f C a t a l y t i c p e r f o r m a n c e o f Lao.8Bao.2Mno.1Cuo.9O2.280Clo.349 
c a t a l y s t f o r O D E r e a c t i o n a t d i f f e r e n t t e m p e r a t u r e s 
Temperature Conversion Selectivity (%) -Yield %) 
CC) (%) 
C2H6 C O / CH4 C2H4 C2H4 
500 ^ 0 140 23 
540 17.7 83.0 0 17.0 3.0 
580 18.2 81.2 0 18.9 3.4 
600 18.1 79.3 0 20.7 3.8 . 
620 18.8 74.4 0 25.6 4.8 
640 24.3 54.4 1.3 45.0 10.9 
660 45.0 24.7 7.0 69.2 31.2 
680 49.8 32.7 5.9 61.4 30.6 
700 47.9 44.3 4.4 51.3 24.6 
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Table 3.5. 
The Cata ly t ic Performance of Undoped and Hal ide-Doped Perovskite-Type 
Catalysts fo r the O D E Reaction under the Condi t ions of Temperature = 680"C 
Conversion Selectivity (%) Yield (%) 
_ _ m 
Catalysts C2H6 *COx CH4 C2H4 C2H4 
Quartz sand 5.0 12.0 0 88.0 4.4 
La0.8Ba0.2MnO3.031 16.8 92.4 0 7.6 1.3 
Lao.8Bao.2Mno.9Cuo.i 02.983 18.1 82.9 0 17.1 3.1 
Lao.8Bao.2Mno.7Cuo.3O2.846 20.7 81.7 0 18.3 3.8 
Lao.8Bao.2Mno.5Cuo.5O2.713 20.8 80.6 0 19.4 4.0 
Lao.8Bao.2Mno.3Cuo.7O2.586 18.6 84.4 0 15.6 2.9 
Lao.8Bao.2Mno.1C1io.9O2.456 19.8 84.1 0 15.9 3.1 
La0.8Ba0.2MnO2.980F0.102 23.2 63.1 1.3 35.6 8.3 
Lao.8Bao.2Mno.9Cuo. 102.924F0.112 23.2 62.5 0 37.5 8.7 
Lao.8Bao.2Mno.7Cuo.3O2.8O8Fo.124 31.9 42.2 1.9 55.9 17.8 
La0.8Ba0.2Mn0.5Cu0.5O2.605F0.246 35.3 80.0 2.6 17.5 6.2 
Lao.8Bao.2Mno.3Cuo.7O2.425Fo.338 30.9 74.9 2.2 22.8 7.0 
Lao.8Bao.2Mno.1Cuo.9O2.241Fo.428 29.5 63.4 2.0 34.5 10.2 
La0.8Ba0.2MnO2.984Cl0.096 62.3 27.8 7.3 64.9 40.5 
Lao.8Bao.2Mno.9Cuo.1O2.921Clo.096 73.0 32.9 7.3 57.6 42.0 
Lao.8Bao.2Mno.7Cuo.3O2.8i7Clo.114 73.0 23.2 7.3 69.5 50.8 
Lao.8Bao.2Mno.5Cuo.5O2.605Clo.206 63.1 29.1 7.8 63.1 39.8 
Lao.8Bao.2Mno.3Cuo.7O2.435Clo.288 53.4 25.0 4.7 70.3 37.6 
Lao.8Bao.2Mno.1Cuo.9O2.280Clo.349 49.8 32.7 5.9 61.4 30.6 
*COx = CO+CO2 
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F igure 3.3. Cata ly t ic per formance of (a) Lao gBao jMno ^Cuo jO^ 84^ , (b)La。8Ba。2Mn。7Cu。302 _ 
Fo.,24, and (c) Lao.8Bao.2Mno.7CUo.302 8nClo.,i4as a funct ion of reaction temperature. ( • ) C^H^ 
conversion, ( • ) C^H^ selectivity, ( A ) C2H4 yield, ( • ) CO太 selectivity, and (x) CH^ selectivity. 
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3.3.3. 02 Tempera tu re -Programmed Desorption Studies 
The O2-TPD experiments were performed on Lao.8Bao.2Mno.7Cuo.3O2.846, 
Lao.8Bao.2Mno.7Cuo.3O2.8O8Fo.124, and Lao.8Bao.2Mno.7Cuo.3O2.8i7Clo.114, and the 
desorption profiles are shown in Figure 3.4. In the case of Lao.8Bao.2Mno.7Cuo.3O2.846, 
two desorption peaks were observed: one at ca. 3 6 1 � C (16.5 famol gcat'')； and the other 
at ca. 819 °C (33.3 |imol gca"). These can be assigned to adsorbed oxygen species, 
and lattice oxygen, respectively. However, only one peak each was observed in the 
TPD profiles of La0.8Ba0.2Mn0.7Cu0.3O2.808F0.124 and Lao.8Bao.2Mno.7Cuo.3O2.8i7Clo.114: 
ca. 728°C (47.7 ^mol gcat"^ ) for the former and at ca. 7 1 6 ° C (45.6 fimol gca,'^ ) for the 
latter catalyst. The O2-TPD peaks observed above 700 °C are due to the desorption of 
lattice oxygen, 
3.3.4. XPS Studies 
The survey scan indicates the presence of La, Ba, Mn, Cu, 0 , CI, and F. Undesired 
elements such as N were not detected by XPS. It can be safely assumed that all the 
undesired elements had decomposed through the calcination preparation method, 
(i) Valence states 
The surfaces of the perovskite-type catalysts were studied by XPS. The XPS 
spectra of Mn(2p), Cu(2p), 0 ( l s ) , and La(4d) for the untreated samples were recorded. 
The Mn(2p) X P S spectra for Lao.gBao^Mni.xCuxOs-s, Lao.gBao.zMni-xCuxOs-gFa and 
Lao.8Bao.2Mn1 -xCuxOs-sCIct (x = 0-0.9) are shown in Figures 3.5a, 3.5b, and 3.5c, 
respectively. The literature values of the Mn(2p3/2) binding energies for Mn^^ and 
Mn4+ are very close, at 642.1 and 642.6 eV, respectively [21,22]. The binding energy 
of Mn(2p3/2) for M n O is 641.0 eV; and there are satellite peaks associated with both 
Mn(2p3/2) and Mn(2pi/2) peaks [21-23]. The splitting between the Mn(2p3/2) and 
Mn(2pi/2) peaks for all three oxides is 11.6 eV [23]. For the three series of catalysts 
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studied, the binding energy of Mn(2p3/2) was found to be 642.3 eV (at x = 0)，and 
642.2 eV (at x = 0.1). For x > 0.3’ the Mn(2p3/2) peak could be resolved into two 
peaks with binding energies of 642.1 eV and 642.6 eV, respectively. By comparison 
with the literature values, it can be concluded that there was only a single +3 valence 
state for the Mn species on the surface of the catalysts with x < 0.1; and that there 
were mixed valence states of +3 and +4 for the Mn species on the catalysts with x > 
0.1. The XPS spectra are basically the same for the undoped and halide-doped 
samples. The minor differences in intensities indicate the slight variations in the 
concentrations of Mn^ "^  and Mn"^ .^ 
The Cu (2p) XPS spectra for the undoped, F-doped, and Cl-doped series of 
catalysts are shown in Figures 3.6a, 3.6b, and 3.6c, respectively. The binding energies 
of Cu(2p) for CU2O and CuO have been reported to be 932.4 eV and 933.2 eV, 
respectively [23]. These values are too close to make a conclusive assignment of Cu十 
or Cu2+. However, the assignment of Cu^^ can sometimes be assisted by the presence 
of shake-up peaks in the XPS spectrum, which are caused by the charge transfer from 
neighboring oxygen ligands into an empty d-state of C u � . ion [23,24]. All three 
spectra shown in Figure 3.6a-3.6c indicate the presence of such shake-up satellite 
peaks. The average energy separation between the main XPS peak of CuO and its the 
satellite peak is 9 eV [24]. In this study, the binding energies for the Cu species in the 
undoped, F-doped and Cl-doped series of catalysts (with x = 0.3 to 0.9) were found to 
be ca. 934 eV. No signals due to Cu "^" (BE = 935.0 eV) or Cu+ (BE = 932.7 eV) [25] 
were detected. Similar results for the LaMni.xCuxCb (x = 0.2-0.5) catalysts have been 
reported by Yasuda et al. [26], Lisi et al. [27], and Porta et al. [28]. Therefore, it is 
reasonable to assume that the copper ions in the catalysts studied were mainly 
bivalent. 
The 0 ( l s ) XPS spectra for the undoped, F-doped and Cl-doped series of 
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catalysts (x = 0 to 0.9) are shown in Figures 3.7a, 3.7b, and 3.7c, respectively. The 
0 ( l s ) signal for each sample could be resolved into a doublet. The signal at lower 
binding energy ( � 5 2 9 eV) is assigned to lattice oxygen in the form of O�—；and the 
signal at higher binding energy ( � 5 3 1 . 5 eV) is assigned to adsorbed oxygen species in 
a form such as 0~[29-31]. For comparison, the 0 ( l s ) binding energy of OH— falls in 
the range of 531-532 eV. Once again, the doping of halide ions into the perovskite 
structures did not lead to any changes in the binding energy of the 0( ls ) , but it did 
affect the relative amounts of these two oxygen species. 
The measured core-level binding energies (BE) of La, Ba, Mn, Cu, O, F and CI 
in the series of catalysts Lao.8Bao.2Mn1 .xCuxOs-s, Lao.8Bao.2Mn1 -xCuxOs-sCla, and 
Lao.8Bao.2Mni-xCux03-5Fa (x = 0-0.9) are summarized in Table 3.6. The binding 
energies of Cu(2p), Mn(2p) and 0 ( l s ) have been shown in previous spectra. It can be 
seen that the binding energies of La(3d5/2)，Ba(3d5/2)，F(ls), and Cl(2p) were 
unaffected by the compositions of the samples. Their measured values are � 8 3 4 e V , 
� 7 8 0 e V , � 6 8 4 eV and ~199eV, respectively, 
(ii) Surface composition 
A comparison of the surface elemental composition and its bulk counterpart for 
each member of the undoped, F-doped and Cl-doped series of perovskite catalysts is 
shown in Table 3.7. It can be concluded that the surface composition was generally 
very different from that of the bulk in this multicomponent system. The relative 
abundance of the surface Mn and O species in the three series of catalysts is 
summarized (Table 3.7). It is interesting to note that, the concentration of MrV^ 十 
attained its maximum value at x = 0.3, and then fell of f upon further substitution of 
Cu into the lattice, for all three series of catalysts. The decrease in the relative 
abundance of Mn'^ ^ was compensated by an increase in the relative abundance of 
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Figure 3.4. O2-TPD profi les of (a) Lao.8Bao.2Mno.7Cuo.3O2.846, (b)Lao.8Bao.2Mno.7Cuo.3 
O2.8O8F0.124，and (c)Lao.8Bao.2Mno.7Cuo.302.8i7Clo.ii4. 
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Figure 3.5a. X-ray Photoelectron spectra in the Mn2p of Lao.8Bao.2Mni.,Cu,03.5 
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Figure 3.5b. X-ray Photoelectron spectra in the Mn2p of Lao.8Bao.2Mn,.,Cu,03.5F^ 
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Figure 3.5c. X-ray Photoelectron spectra in the Mn2p of Lao.gBao.jMni.^ CUxOj^Cl^  
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Figure 3.6a. X-ray Photoelectron spectra in the Cu2p of Lao.gBaojMni.xCu^Oj^ 
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Figure 3.6b. X-ray Photoelectron spectra in the Cu2p of LBQ gBao 2Mn,.xCUx03.5F^ 
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Figure 3.6c. X-ray Photoelectron spectra in the Cu2p of Lao gBag zMni.^ Cu^Oj^Cl^ 
74 
• • • • 
• 參 
• 參 
• • • • • • • • • • • • • • • 
• • • • x=0.9 
• • • • • 春 » • 鲁 • • • • • • • 
• • • • • • • • • • • • • • 
• • • 
• • x=0.7 
參 * • 眷 • • 
• • • • • • • • • 
^ 參 • • ••參 • • 
d • • • • • • • • 
f； • • • • • • • x=0.5 笠 • • • • • • • • • • • • • • • • • • • 
a 肇 參 * 
CD 會 • • • 參 參 鲁 眷 
S • ••• 
• • • • • • x=0.3 
• 眷 鲁 • • 會 
[：偷： 
1 I 
528 532 536 
Binding energy (eV) 
Figure 3.7a. X-ray Photoelectron spectra in the 01s of Lao.8Bao.2Mii,.,Cu^03^ 
75 
• • • • • • 
• 眷 • 眷 • 鲁 
• 參應•赢•書 • 八A 
• • • • • • • • x=0.9 
• • * * * 參 參 • 
• • • • • • • • • • • • • • 
• ••••••• ••• 
• • • • • • • x=0.7 
• 
^ • • • • • • 
^ •• ••• 
t • • • • • • • • • • • • x=0.5 
•ti • 攀 * 
C • 
(D 鲁 • 眷 
S • • • • • • 
• • • • • • • • • • • x=0.3 
• •• • •• • . •••••••• 
.:...7^:.，. 
1 
528 532 536 
Binding energy (eV) 
Figure 3.7b. X-ray Photoelectron spectra in the Ols of Lao.gBaojMiii.^Cu^Oj^F^ 
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series were higher than that for the undoped series. At the same time, the maximum 
concentration of lattice oxygen was attained at x = 0.3 for all the three series of 
catalysts. Similarly, the maximum values of lattice oxygen concentrations were higher 
for the halide-doped series; and the corresponding concentrations of adsorbed oxygen 
were lower. 
3.4. Discussion 
In the past few decades, perovskite-type oxide materials had been demonstrated 
to be excellent catalysts for the deep oxidation of hydrocarbon. Recently, a number of 
studies have shown that minor modifications of this type of catalysts could also yield 
desirable catalytic properties for the selective oxidation. 
3.4.1. Cata ly t ic per formance 
A s stated before, there are several possible reaction pathways for the oxidation of 
ethane: 
Selective oxidation: 
C2H6(g) + 1 /202(g) • C2H4(g) + H20(1) (1) 
Incomplete oxidation: 
C2H6(g) + 5/202(g) -> 2C0(g) + 3H20(1) (2) 
C2H6(g) + 02(g) CO(g) + CH4(g) + H20(1) (3) 
Complete oxidation: 
C2H6(g) + 7/202(g) + 2C02(g) + 3H20(1) (4) 
The selective oxidation of ethane represented by eqn.(l) requires the smallest 
amount of oxygen. At similar oxygen conversion (above 90%), both the C2H6 
conversion and C2H4 selectivity may increase if the extent of the reactions represented 
by eqns (2), (3) and (4) are reduced. 
The data in Tables 3.2，3.3 and 3.4 show that the C2H6 conversion, C2H4 
selectivity and C2H4 yield increase significantly, while the COx and CH4 selectivity 
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decrease, when halide ions were doped into the perovskite structures. In general, the 
C2H6 conversion, C2H4 selectivity and C2H4 yield increase with reaction temperature. 
These trends are shown in Figures 3.3a, 3.3b and 3.3c. Due to the difficulty in fixing 
similar C2H6 conversion for different catalysts, the comparison of catalytic 
performances, which include the C2H6 conversion, C2H4 selectivity and C2H4 yield, is 
carried out at an arbitrarily chosen reaction temperature. When the best catalyst, 
normalized by surface area, from each series (Table 3.5) are compared, the order of 
decreasing performance is Lao.8Bao.2Mno.7Cuo.3O2.8i7Clo.114 > 
Lao.8Bao.2Mno.7Cuo.3O2.8O8Fo.124 » Lao.8Bao.2Mno.7Cuo.302..846 ~ 
Lao.8Bao.2Mno.5Cuo.5O2.713- This result can be rationalized as follows. 
It is well known that perovksite-type mixed oxide materials are good catalysts 
for the complete oxidation of hydrocarbons, carbon monoxide, and ammonia [32,33]. 
It is believed that 0 " is the active species responsible for the total oxidation of 
hydrocarbons and carbon monoxide; while O^" in the lattice is responsible for the 
selective oxidation of these substances [32-33,34-35]. Obviously, the types of oxygen 
adspecies { O i ' , 0" and 0^") and their distribution over the catalyst surfaces will 
directly affect the catalytic performance. For ABO3 perovskite materials, an increase 
in the oxygen vacancies favors the adsorption of gaseous oxygen molecules, which 
then convert to oxygen adspecies active for the complete oxidation reaction. The 
redox ability of B-site ions can be determined by the oxidation states of the B-site 
cations. The relative concentration of B-site cations with various oxidation states can 
also influence the catalytic behavior of the perovskites. Table 3.5 shows that the C2H4 
selectivity increased with the extent of Cu substitution in the Lao.8Bao.2Mn1 .xCuxOs-s 
series, which is directly related to the oxygen vacancy density. The rise in oxygen 
vacancy density has been suggested to favor the deep oxidation of hydrocarbon 
[36,37]. In contrast, for Lao.8Bao.2Mn1 .xCuxOs-sFa and Lao.8Bao.2Mni.xCux03-6Cla 
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series of catalysts, the halide ions may replace some of the or occupy the oxygen 
vacancies. When a F— or CI— ion replaces an O^" ion, the oxidation state of an adjacent 
Mn cation has to drop from Mn;十 to Mn "^" (Fig. 3.8a) in order to maintain electrical 
neutrality. On the other hand, when a halide ion occupies an oxygen vacancy, the 
oxidation state of an adjacent Mn cation rises from Mn^^ to Mn*. (Fig. 3.8b). The 
effect of doping the C F or F" ions into Lao.sBao^Mni.xCuxOs-s is shown in Table 3.1: 
the Mn4+ concentration increased, suggesting that the majority of the halide ions 
occupied the oxygen vacancies rather than replacing the O^" ions. 
In conclusion, a rise in oxygen vacancy density enhances the total oxidation of 
hydrocarbon and a rise in hypervalent B-site cation concentration is superior for the 
selective oxidation of hydrocarbon. This finding is consistent with several other 
studies in the literature [19,32]. Obviously, the successful control of the relative 
amounts of oxygen vacancies and hypervalent B-site cations is essential in designing 
a perovskite material with optimal catalytic performance. A comparison of the activity 
data with the (6-a) values (i.e., amount of oxygen vacancy) and the Mn*十 contents 
shown in Table 3.1 reveals that the best-performing catalyst in each of the three series 
exhibits a specific bulk density of oxygen vacancies and the highest Mn"^ ^ content. 
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Figure 3.8 Schematic models of defects in Lao.8Bao.2Mn1.xCuxO3.5Xa (X = F, CI): 
(a) X" replacing a lattice O^" ion; (b) X. occupying an oxygen vacancy ( • ) . 
Table 3.5 shows that the doping of halide ions into the perovskites led to a 
considerable reduction in the COx selectivity. This implies that the embedding of 
«« 
halide ions in the Lao.8Bao.2Mni.xCux03.6 lattice may reduce the extent of deep 
oxidation of C2H6, thus increasing the C2H4 selectivity in the ODE reaction. 
3.4.2. Ac t i v i t y of oxygen species in O D E reaction 
The results of O2-TPD experiments performed over the perovskite materials 
indicate a unique property of these materials: a large amount of oxygen may be 
allowed to adsorb in a cool oxygen atmosphere; and a large amount of oxygen can be 
released on heating. This phenomenon can be related to their structural defects. 
Both a - and P- oxygen desorptions in O2-TPD profile are characteristics of most 
perovskites. The a oxygen is accommodated in oxygen vacancies [32,38]. This 
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dissociatively adsorbed oxygen is responsible for the complete oxidation of 
hydrocarbon [34,38-39]. The (3 oxygen originates from the lattice oxygen which is 
involved in the partial reduction of B-site cation. It is believed to be responsible for 
the selective oxidation of hydrocarbon [34,38,39]. Form this point of view, the 
substitution of B a for La and the replacement of Mn "^" or Mn^. by Cu^^ (Table 3.1) 
cause an increase in the number of oxygen vacancies. The net effect is to make the 
perovskite catalysts oxygen deficient. From Table 3.5, it can be observed that the 
C2H6 conversion increased while the C2H4 selectivity decreased with increasing value 
of X over the Cu-substituted perovskite catalysts. This observation strongly supports 
the argument that a oxygen plays an important role in the deep oxidation. It can also 
explain the increase in selective oxidation when the Lao.gBaojMni.xCuxOs-s lattice was 
doped with halide ions because the latter reduced the oxygen vacancy density, which 
means a decrease in a oxygen. 
Figure 3.4 shows that the doping of F— or CI" into the Lao.8Bao.2Mn,.xCux03^ 
lattice resulted in a complete disappearance of a oxygen at ca.361°C, and an increase 
of P oxygen at ca.716°C and 728°C. Moreover, the desorption temperature of the p 
oxygen was obviously lowered. Since the O2-TPD peaks above 700°C are generally 
ascribed to the desorption of lattice oxygen, it is proposed that the doping of 
Lao.8Bao.2Mn1 -xCux03-8 with F" or C厂 causes a decline of the bulk oxygen vacancy 
density, thereby reducing the extent of the complete oxidation reactions. 
Table 3.6 indicates that the 0 ( l s ) binding energy (ca.529.5eV) of lattice oxygen 
in La0.8Ba0.2Mn0.7C1i0.3O2.808F0.124 and Lao.8Bao.2Mno.7Cuo.3O2.8i7Clo.iM was about 1.0 
eV higher than that in Lao.gBao,： Mno.7Cuo.3O2.846 (ca.528.8eV)，indicating that the 
bond between A- or B- site cations and O^" ions were weakened [21-23]. Since F is 
more electronegative than ions (3.98 vs. 3.44 [40])，the presence of F in the 
Lao.8Bao.2Mn1 .xCux03-6 lattice would reduce the valence electron density of O^". On 
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the other hand, CI一 ions are larger than the O^" ions in size, and the doping of CI— ions 
into the Lao.gBaojMni -xCuxOj-s lattice would force the crystal lattice to expand. The 
cation-oxygen bonds at both the A-site and B-site would be weakened due to this 
stretching. Similar effects of halide-doping were also observed in some previous 
investigations [6-9]. This implied that the presence of F or CI in the ABO3 lattice 
would effectively activate the lattice oxygen. In other words, the introduction of 
halide ions into the undoped catalysts would enhance the mobility of lattice oxygen. 
This argument is supported by the increase in C2H4 selectivity over the halide-doped 
perovskite catalysts given in Table 3.1 and Figures 3.3b and 3.3c. • 
The halide ions used for the modification of the perovskite oxides are almost 
exclusively F— and CP, whose ionic radii are 1.36人 and 1.81 人，respectively. The other 
two common halides, B r ' (1.95A) and F (2.16A), are simply too large to fit into the 
perovskite-type oxides without excessive strain [41]. 
3.4.3. S t ruc tu ra l Defects 
The importance of the structural defects of perovskites in the catalytic 
hydrocarbon oxidation reactions has been recognized in numerous studies. Tofield 
and Scoot [27,28], and van Roomalen et al. [27,28], suggested that La-Mn perovskite 
could be regarded as a nonstoichimetric oxidized LaMnOs+s compound. With rising 
Cu concentration, the structure of LaMni.xCux03-5 perovskite was transformed from 
an oxidative oxygen nonstoichiometry to a reductive oxygen nonstoichiometry 
accompanied by the formation of trace amounts of LazCuCU and/or C u O phases at x > 
0.7 (0.5 for the F-doped catalysts). Similar observations are obtained from the present 
work on Lao.8Bao.2Mn1 .xCuxOs-s and Lao.8Bao.2Mn1 .xCuxOs-sXa catalysts, as illustrated 
in the X R D patterns shown in Figures 3.1a, 3.1b and 3.1c. 
The crystal structures of a number of halide-doped perovskite superconducting 
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materials were reported in the literature [47]. From these studies, it was determined 
that the introduction of halide ions into the oxygen vacancies was the critical process 
responsible for changing the oxygen nonstoichiometry. In the current study, it is found 
that upon the incorporation of halide ions into vacant oxygen sites, the charge 
neutrality is maintained by the oxidation of more manganese species, thereby 
increasing the Mn4+ content. However, further increase in Cu content (> 0.3) would 
lead to a reduction of the Mn4+ contents, possibly due to the formation o f LasCuO* 
and/or C u O (Figure 3.1). 
In the halide-doped perovskites, as more oxygen vacancies were generated due to 
Cu substitution, more halide ions entered the oxygen vacancies and there was an 
increase in Mn*十 content. The highest C2H4 yield (at 680°C) was achieved over the 
undoped and halide-doped Lao.sBaojMni.xCuxCb-s at x=0.3. The Mn4+ content also 
reached its maximum at this composition (Table 3.5 and Figure 3.3). The result is 
consistent with the general conclusion that a rise in oxygen vacancy density enhances 
the total oxidation of hydrocarbon, whereas a rise in hypervalent B-site cation 
concentration is beneficial for the selective oxidation of hydrocarbon. 
3.4.4. XPS Studies 
(i) Valence states 
The surfaces of three series perovskite catalysts were studied by XPS. The 
Mn(2p)，Cu(2p)，0(ls), Cl(2p), F(ls), Ba(3d) and La(4d) spectra were recorded. 
The Cu(2p) X P S peak of the undoped and halide-doped catalysts are shown in 
Figure 3.6a, 3.6b and 3.6c. The binding energies of Cu(2p) for CU2O and C u O have 
been reported at 932.4 and 933.2 eV [23], respectively. Cu^^ can be discerned from 
Cu+ by the presence of the XPS shake-up satellite peak. Each spectrum in Figure 3.6 
contains the shake-up satellite peak, which is separated from the main peak by about 9 
eV. This indicates that the valence state of copper ions was most likely Cu^^. The 
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main peak of these three best catalysts corresponds to a binding energy of ~934eV, 
which is larger than the one reported for CuO. This may be explained by the effect of 
the ionic coordinate structure of perovskite catalysts around Cu^^, which is oxygen 
deficient. The oxidation state of Cu "^" is likely to increase, resulting in a binding 
energy larger than that for CuO. 
Figure 3.5a, 3.5b and 3.5c show the XPS spectra of Mn(2p3/2) of the three 
different series of catalysts. The binding energies of Mn(2p3/2) for MnsO] and MnOz 
are very close at 642.1 eV and 642.6 eV, respectively [21-23]. The spectral features of 
the peak are broad and asymmetric. It can be inferred that more than one manganese 
species were present, and the shift of peak position was caused by the change of 
valence state from Mn "^" and Mn4+. In the present work, the substitution of Cu is 
assumed to induce the states of highly mixed character of and Sd"^  in manganese 
ions. From these XPS spectra, it can be concluded that the valence states of the 
substituted copper ions were Cu "^" and the manganese ions had a highly mixed states 
of Mn3+ and Mn4+. The fraction of Mn4+ increased with the value of x, up to x = 0.3. 
This result suggests that the mixed states of Mn]— and Mn^^ may also exist in the bulk 
of the catalysts. So a redox titration was done to analyze the bulk composition of two 
valence state (Table 3.1) 
Figures 3.7a，3.7b and 3.7c show the 0(1 s) XPS spectra obtained from the series 
of undoped and halide-doped catalysts. Detailed analysis and computer fitting of these 
0 ( l s ) spectra (Table 3.7) revealed the existence of oxygen species in mixed valence 
states on the surface of these systems: lattice O^" at ~529eV [25,26]; adsorbed and 
oxygen-containing contaminants such as 0_ or OH" at ~531eV [25,26]. The 
asymmetry of the peak at higher BE is assigned to molecular water adsorbed on the 
surface. The relative content (mole fraction) of the three kinds of oxygen species in 
the total surface oxygen can be estimated from the relative intensities of these 
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sub-peaks. It is interesting to note that the relative content of species in the total 
surface oxygen on the halide-doped catalysts at x = 0.3 were higher than that on the 
undoped halide catalysts. 
In the oxidative reactions, the state of oxygen on the catalyst surface plays a key 
role in the reaction mechanisms and the distribution of reaction products. When 
oxidative reactions proceed on an oxide catalyst surface, a dynamic equilibrium 
among gaseous oxygen, adsorbed oxygen, and the bulk lattice oxygen species 
transform on the surface of oxide catalyst according to the general schemes 
[19,30,31,37,42-44]: 
O2 (gaseous) ( V (physically adsorbed) <-> (chemisorbed) 20— 
(dissociative adsorption) ^ (oxygen ion adsorbed) 20^" (lattice oxygen ion) 
where the underline refers to surface oxygen species, CT. The Oz^" adspecies may 
reversibly dissociate into 20", which will diffuse into the bulk. The lattice oxygen 
exists in the bulk. It is known that the adsorbed oxygen species have higher reactivity 
for the complete oxidation of hydrocarbons (such as ethene etc.) than the lattice 
oxygen [31-34]. It is evident that the modification of Lao.8Bao.2Mn,.,Cux03.8 by F or 
CT ions results in an increase of the concentration of lattice oxygen, which is more 
suitable for the selective oxidation, 
(ii) Surface and bulk composition 
In the past investigations, XPS was used to analyze the chemical composition of 
the surface. According to the experimental results, the surface composition was 
usually very different from the composition in the bulk for most multicomponent 
systems (Table 3.7). Overbury et al [46] pointed out that the surface tension of the 
components was important in determining the surface composition. It is believed that 
this factor also affected the chemical composition in this Mn-Cu catalysts system. 
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Chapter 4 Halide-doped perovskite-type Lao.6Sro.4Ni,.,Fex03 catalysts 
for oxidative dehydrogenation of ethane to ethene 
4.1 In t roduc t i on 
The discovery of abundant and inexpensive oil in Arabia in the early 1950s 
ignited the rapid development of catalytic processes for the conversion of petroleum 
crude to fuels and chemicals. Oil and oil-derived intermediates, ethene in particular, 
became the dominant feedstocks to the chemicals industry [1]. Much effort was spent 
on developing catalytic processes that would produce higher ethene selectivity. It 
turned out that the oxidative dehydrogenation of ethane (ODE) performed under good 
selective catalysts was one of the most efficient methods for the production of ethene. 
Perovskite-type mixed-metal oxide catalysts have drawn much attention in recent 
year [2-6] because they show promise for many practical catalytic applications, 
including the production of methanol from C O and H2 using Lao.8Sro.2B03+8 (B = Mn, 
Fe, Co or Ni) catalysts [6]. Many studies on ODE reaction using ABOj-type mixed 
oxide catalysts have been reported [7-9], but only a few of them involved the 
modification o f perovskite catalysts by doping with'halide ions. Even among these 
studies，the Ni-based oxide perovskite catalysts had never been tested for the O D E 
reaction. Although the Ni-containing perovskite-like catalysts mainly showed good 
activity for some environmentally important reactions, such as N O decomposition 
[10-14]，it would be interesting to investigate its suitability for the ODE reaction. 
It has been generally accepted that A-site replacements in the perovskite lattice 
mainly affect the quantity of adsorbed oxygen, whereas B-site replacements influence 
the property of the adsorbed oxygen [15]. In principle, such substitutions should bring 
about modification of the catalytic behaviors of the perovskite. For example, the 
substitution of Sr^ ^ for La]— at the A site of La丨-xSrxFeCb-s [16] increases the oxygen 
92 
vacancy density; and the substitution of Cu for Mn at the B site of LaMni.xCux03.5 
catalysts alters the distribution of B-site cations of various oxidation states [17]. There 
are also some similar reports on the series of halide-doped perovskite-type oxides 
such as La,.xSrxFe03-8X^ (X = F, CI) [18] and SrFeOs-sCla [19]. However, very little 
has been reported on the halide ion dopants' influence on the lattice oxygen and 
oxygen vacancy. 
It has been reported in Chapter 3 that the catalytic activities are closely related to 
the electronic structures of the surface oxygen and the cations in the halide-doped 
Lao.8Bao.2Mn].xCux03-5 series of catalysts [20]. The work in .this chapter mainly 
involves the investigation of the chemical states of the cations and oxygen in the 
Cl-doped Lao.6Sro.4Nii.xFex03-8 oxide surfaces, using X P S analysis. The structures of 
the samples were characterized by X R D , their surface areas determined by BET, and 
their catalytic activities assessed by G.C. 
4.2 Exper imenta l 
4.2.1 Catalyst p repara t ion 
The series of Lao.6Sro.4Ni,.xFex03 and Lao.eSro^Nii.xFcxOj/Cl perovskite oxide 
catalysts were prepared by the methods of the thermal decomposition of precursor 
complexes derived from nitrate solutions using citric acid as a complexing agent. The 
series of Lao.eSro^Nii.xFcxOs (x = 0，0.2，0.4, 0.6, 0.8,) catalysts were prepared by 
mixing appropriate amounts of La(N03)3.6H20 (Sigma, >99%), Sr(N03)2 (Fluka, 
>99%), Ni(N03)2.4H20 (Aldrich, >99%) and Fe(N03)2*6H20 (Acros, >98%). The 
series of Lao.6Sro.4Nii.xFex03/Cl catalysts were prepared by mixing appropriate 
amounts of LaCb.GHzO (Sigma, >99.9%), Sr(N03)2，Ni(N03)2.4H20 and 
Fe(N03)2*6H20. The amount of CI" ion in the latter series was controlled by the 
amount of the precursor - L a C b . G H � � . The series of Lao.sSro jNii.xFexCVCl catalysts 
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were prepared by dissolving the required amounts of CI— ion and the lanthanum (in the 
form of La(N03)3*6H20) in deionized water, and subsequently mixed with citric acid 
(monohydrate, A L D R I C H , >99%) equimolar to the metals. The resulting solution was 
evaporated at 70°C to produce a viscous syrup. The latter was further evaoprated at 
120°C for 8 hours, and then calcined at 960 for 18 hours. The solid material was 
then ground, pressed, crushed and sieved to a grain size of 40-80 meshes before use. 
4.2.2 Character iza t ion of catalysts 
The performance of each catalyst was assessed using a mixture of 0.5g of the 
catalyst and 5g quartz sand. The ODE reaction was allowed to proceed over the 
mixture placed in a fixed-bed quartz micro-reactor (i.d. = 4mm), under a pressure of 1 
atm. The f low rates of ethane and air were set at 14.8 ml min"' and 35.2 ml min"', 
respectively. The mole ratio of C2H6:02:N2 was 2:1:3.7. The temperature was varied 
from 500 to 700°C, at 2 0 � C intervals. The product mixture (CjHe, C2H4，CH4, C O , and 
CO2) was analyzed on-line by a Shimadzu 8A T C D gas chromatography with Porapak 
Q and 5A molecular sieve columns. 
Powder X-ray diffraction (XRD) data were obtained from a Ruber X-ray 
diffractometer operating at 40kV and 150mA, using Cu Ka radiation source combined 
with a carbon filter. The crystal phases were identified by comparison with the 
powder diffraction files in the 1998 ICDD PDF Database. 
The X-ray photoelectron spectra (XPS) were obtained from PHI Quantum 2000 
instrument, using A1 Ka radiation source. The base pressure of the analytical chamber 
was around 10'^ Pa. The binding energies were calibrated by using the C ( l s ) signal at 
285.0 eV. The specific surface areas of the catalysts were measured using a Nova 




4.3.1 Cata ly t ic act iv i ty 
In a blank experiment, 5.0g of quartz sand gave a CzHe conversion of 7.6%, a 
C2H4 selectivity of 89.2%, and a C2H4 yield of 6.8% at 680°C. The results reconfirm 
that quartz sand contributes very little to catalytic activity. 
The catalytic activities of the undoped series and Cl-doped series of catalysts for 
O D E reaction were measured as a function of reaction temperature. The dependence 
of the conversion of C2H6, C2H4 selectivity, and C2H4 yield on the reaction 
temperature are summarized in Table 4.1 and Table 4.2. Since the C2H4 selectivity and 
C2H4 yield were zero for the undoped and Cl-doped series of catalysts with Ni content 
greater than 0.2, it was difficult to determine what the optimum temperature should be 
for these catalysts. However, Figure 4.1a and 4.1b show that for the undoped and 
halide-doped catalysts with Ni content below 0.2, maximum values of C2H6 
conversion, C2H4 selectivity, and C2H4 yield were obtained at 6 8 0 � C ; and minimum 
values of COx and CH4 selectivities were obtained at the same temperature. Hence, 
the optimum temperature of these two series catalysts was set at 680°C. 
The catalytic performance of the undoped and Cl-doped series of perovskite 
catalysts at 680°C is shown in Table 4.3. The C2H4 selectivity and C2H4 yield were 
zero for both the Lao.6Sro,4Ni,.xFex03 and Lao.6Sro.4Ni,.xFex03/Cl series of catalyst 
with Ni content above 0.2. At x = 0.8，both series of catalysts started to catalyzing the 
O D E reaction. The values of the C2H6 conversion, C2H4 selectivity, and C2H4 yield 
were 50.4%, 25.6%, and 12.9%; the corresponding CH4 selectivity and COx 
selectivity were 0.0% and 74.4% over Lao.6Sro.4Feo.8Nio.2O3. The values of the C2H6 
conversion, C2H4 selectivity, and C2H4 yield is 53.8%, 72.5%, and 39.0%; and the 
corresponding CH4 and COx selectivities were 0.7% and 27.3% over 
Lao.6Sro.4Feo.8Nio.2O3/Cl. 
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Table 4.1a. Catalytic performance of Lao.6Sro.4Ni03 catalyst for ODE 
reaction at different temperatures 
Tempera tu re Conversion Selectivity ( % ) Y i e l d ( % ) 
(。C) ( % } 
C2H6 COx" CH4 C2H4 C2H4 
600 ^ TLO ^ 0 0 
640 100.0 81.5 18.5 0 0 
680 100.0 88.9 11.1 0 0 
700 100.0 90.9 9.2 0 0 
720 100.0 92.1 7.9 0 0 
Table 4.1b. Catalytic performance of Lao.6Sro.4Nio.8Feo.2O3 catalyst for 
ODE reaction at different temperatures 
Tempera ture Conversion Selectivity ( % ) Y i e l d ( % ) 
r c ) m _ _ -
C2H6 c ( V CH4 C2H4 C2H4 
600 ^ 0 0 
640 100.0 75.6 24.4 0 0 
680 90.8 74.7 25.2 0 0 
700 88.5 78.2 21.8 0 •• 0 
720 87.1 85.6 14.3 0 0 
Table 4.1c. Catalytic performance of Lao.6Sro.4Nio.6Feo.4O3 catalyst for 
ODE reaction at different temperatures 
Tempera ture Conversion Selectivity ( % ) Y ie ld ( % ) 
r c ) _ _ m 
C2H6 C O / CH4 C2H4 C2H4 
600 ^ ^ 0 0 
640 52.9 89.5 15.2 0 0 
680 54.2 88.9 16.2 0 0 
700 56.8 91.7 11.1 0 0 
720 62.7 92.4 10.6 0 0 
96 
* 
Table 4.1d. Catalytic performance of Lao.6Sro.4Nio.4Feo.6O3 catalyst for 
ODE reaction at different temperatures 
Temperature Conversion Selectivity (%) Yield (%) 
CC) (%!_ 
C2H6 C O / CH4 C2H4 C2H4 
600 ^ ^ ^ 0 0 
640 50.7 98.6 1.4 0 0 
680 50.4 96.0 4.0 0 0 
700 63.4 93.2 6.8 0 0 
720 65.4 92.8 8.0 0 0 
Table 4.1e. Catalytic performance of Lao.6Sro.4Nio.2Feo.8O3 catalyst for 
ODE reaction at different temperatures 
Temperature Conversion Selectivity (%) Yieldr%) 
(�C) (Vo) ， 
CzH^ C O / CH4 C2H4 C2H4 
600 ^ ^ ^ ^ 
640 43.7 76.3 0.0 23.7 10.4 
680 50.4 74.4 0.0 25.6 12.9 
700 50.7 78.8 0.0 2.6 1.3 
720 61.0 97.9 2.1 0.0 0.0 
C O / = CO + CO2 
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Table 4.2a. Catalytic performance of Lao.6Sro.4Nio.8Feo.2O3/Cl catalyst 
for ODE reaction at different temperatures 
T e m p e r a t u r e Convers ion Select ivi ty ( % ) Y ie ld r%^ 
CC) (%) 
C2H6 C O / CH4 C2H4 C2H4 
600 ^ ^ 0 0 
640 59.6 74.9 25.1 0 0 
680 60.3 78.6 21.4 0 0 
700 54.9 81.6 19.2 0 0 
720 36.9 79.3 14.0 0 0 
Table 4.2b. Catalytic performance of Lao.6Sro.4Nio.6Feo.4O3/Cl catalyst 
for ODE reaction at different temperatures 
T e m p e r a t u r e Convers ion Select ivi ty ( % ) v ie ldrVn^ 
(。c) ^ 
C2H6 C O / CH4 C2H4 C2H4 
600 3h3 ^ 0 0 0 
640 42.1 93.0 0 0 0 
680 52.8 82.0 0 0 0 
700 37.9 85.0 0 0 0 
720 32.9 89.5 0 0 0 
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Table 4.2c. Catalytic performance of Lao.6Sro.4Nio.4Feo.6O3/Cl catalyst 
for ODE reaction at different temperatures 
Tempera tu re Conversion Selectivity ( % ) Y i e l d ( % ) 
r c ) ( % ) 
C2H6 CO2 CH4 C2H4 C2H4 
600 ^ 0 0 0 
640 36.9 98.0 0 0 0 
680 47.6 88.0 0 0 0 
700 42.9 94.6 0 0 0 
720 38.0 98.0 0 0 0 
Table 4.2d. Catalytic performance of Lao.6Sro.4Nio.2Feo.8O3/Cl catalyst 
for ODE reaction at different temperatures 
Tempera tu re Conversion Selectivity ( % ) Yidd(。/o、 
(。C) (Vo) ’ 
C2H6 C02 CH4 C2H4 C2H4 
600 4Z5 ^ ^ ^ ^ ~ ~ 
640 42.1 64.0 0.0 36.0 15.2 
680 53.8 27.3 0.2 72.5 39.0 
700 59.0 54.9 0.7 44.4 26.2 
720 ^ 59.7 0.3 43.4 21.9 
C O / = C O +CO2 
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Table 4.3. 
The Cata ly t ic Performance of Undoped and Hal ide-Doped Perovski te -Type 
Catalysts fo r the O D E Reaction under the Condi t ions o f Tempera tu re = 680®C 
Conversion (%) Selectivity (%) yie ld (%) 
Catalysts ^ W ^ C ^ ^ 
Quartz sand 5.0 12.0 0 88.0 4.4 
Lao.6Sro.4Ni03 100 88.9 11.1 0 0 
Lao.6Sro.4Nio.8Feo.2O3 90.8 74.7 25.2 0 0 
Lao.6Sro.4Nio.6Feo.4O3 54.2 88.9 16.2 0 0 
Lao.6Sro.4Nio.4Feo.6O3 50.4 96.0 4.0 0 0 
Lao.6Sro.4Nio.2Feo.8O3 50.4 74.4 0 25.6 12.9 
臂 * 
Lao.6Sro.4Nio.8Feo.2O3/Cl 60.3 74.6 21.4 0 0 
Lao.6Sro.4Nio.6Feo.4O3/Cl 52.8 82.0 0 0 0 
Lao.6Sro.4Nio.4Feo.6O3/Cl 47.6 88.0 0 0 . 0 
Lao.6Sro.4Nio.2Feo.8O3/Cl 53.8 27.3 0.2 72.5 39.0 
C O / = CO2 + C O 
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Figure 4.1. Cata ly t ic per formance of (a) Lao.6Sro.4Nio.2Feo.8O3, (b) Lao.6Sro.4Nio.2Feo.8O3/Cl as a 
funct ion of react ion temperature. ( • ) C2H6 conversion, ( • ) C2H4 selectivity, ( • ) C2H4 yield， 
( • ) COx selectivity, and (x) CH4 selectivity. 
101 
4.3.2. Crys ta l s t ruc ture and surface area 
The X R D results shown in Figure 4.2a indicate the undoped catalyst with x = 0.8 
basically preserved the orthorhombic perovskite-type structure, with the presence of a 
very little amount o f LaaNiO. However, with increasing Ni content (x < 0.8), a 
mixture of orthorhombic perovskite-type structure, LazNiO*，and NiO were detected. 
The X R D results in Figure 4.2b indicate that the doping of CI into the series of 
Lao.6Sro.4Nii.xFex03 led to a general improvement of the structure over the undoped 
counterpart. With x > 0.8’ the samples showed a pure orthorhombic perovskite-type 
structure in the absence of any unfavorable phases. With x < 0.8’ some oxides, such as 
NiO and La2Ni04, were detected. 
The specific surface areas of the undoped and Cl-doped catalysts are shown in 
Table 4.4. Their values were almost the same at about 4-5 m^/g. The small value of 
surface area is due to the high calcination temperature used, and is apparently 
independent of the value of x. 
4.3.3 XPS studies 
(i) Valence state 
X P S data for Lao.6Sro.4Ni,.xFex03 and Lao.6Sro.4Ni,.,Fex03/Cl are summarized in 
Table 4.5. The Ni(2p) X P S spectra of the undoped and Cl-doped series of catalysts are 
shown in Figure 4.3a and 4.3b, respectively. Two peaks at 854.8 eV and 855.5 eV can 
be resolved in each spectrum. These values agree rather well with the binding 
energies of Ni(2p3/2) from NiO (854.3 eV) and N i � � � ( 8 5 6 . 0 e V ) , respectively [21,22]. 
The resolved peak positions for the two series of catalysts were almost identical and 
did not shift with compositions. On the other hand, the relative intensities o f Ni�— and 
Ni3+ varied with the Fe contents. 
The Fe(2p) X P S spectra of the undoped and Cl-doped series of catalysts are 
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shown in Figures 4.4a and 4.4b, respectively. The measured binding energy for both 
series of catalysts (with x = 0.2) was at ca. 711.1 eV, which can be assigned as Fe^ "" 
according to the XPS handbook [23]. However, the peak shifted to the lower binding 
energy side with increasing Fe content. The measured binding energy of 710.5 eV for 
samples with x > 0.2 was attributed the presence of Fe^ .^ 
Two 0 ( l s ) peaks are always observed in XPS spectra of the two series of 
catalysts shown in Figures 4.5a and 4.5b, respectively. The one with BE at ca. 529 eV 
is assigned to lattice oxygen, O^". The other with BE at 531 eV is assigned to 
adsorbed oxygen, O : The adsorbed oxygen species are assumed to occupy the oxygen 
vacancies [24-27]. 
(ii) Surface composition 
The surface compositions of the undoped and Cl-doped Lao.6Sro.4Nii.xFex03 
catalysts are given in Table 4.6. The relative percentages of the elements on the 
surface are estimated from the relative areas of their respective XPS peaks, which are 
obtained by a computer-fitting method. The experimental results indicate that the 
composition of individual surface elements could be quite different from that of the 
bulk. However, it is reassuring that the variations in the composition ratios for the 
surface and for the bulk are rather similar. An interesting observation from Table 4.6 
is that the abundance ratio of La:Sr remained relatively constant regardless of the 
formula of the perovskite material. The combined composition of La and Sr was used 
as a normalization factor in obtaining the relative concentration of Ni and of Fe in 
each catalyst. In both series of catalysts, the variation of the relative Ni/(La+Sr) 
concentration was found to be opposite to that of the Fe/(La+Sr) concentration. But 
the Cl-doped series of LaoeSro^Nii-xFcxOs catalysts showed a generally lower 
Ni/(La+Sr) concentration than their undoped counterpart, while the Fe/(La+Sr) 
concentration for both series remained nearly the same. 
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The relative surface concentrations of Ni and O are summarized in Table 4.6. 
The various chemical states of nickel and oxygen were identified by the components 
obtained via curve-fitting of their respective XPS peaks. The relative concentrations 
of Ni3+ were found to decrease while that of Ni^ ^ increase with increasing Fe content 
in both the undoped and Cl-doped series of catalysts. The relative concentrations of 
Ni3+ in the Cl-doped series of La-Sr-Ni-Fe perovskite catalysts were always higher 
than their undoped counterparts. 
In contrast, the relative surface concentrations of O^" (lattice oxygen) were found 
to increase while that of 0" (adsorbed oxygen) decrease with increasing Fe content. 
The relative concentrations of O^" in the Cl-doped series of La-Sr-Ni-Fe perovskite 
catalysts were always higher than their undoped counterparts. It infers that 




Crys ta l s t ructures and Surface Areas of undoped and Cl-doped Lao.6Sro.4Ni,.xFex03 Catalysts 
Phase Surface area 
Catalyst composit ion (m : g ] 、 
Lao.6Sro.4Ni03 O, with the amount of of 3.74 
NiO and LazNiOq 
Lao.6Sro.4Nio.8Feo.2O3 O, with the amount of of 4.32 
NiO and LazNiOd 
Lao.6Sro.4Nio.6Feo.4O3 0，with a trace amount 4.55 
of NiO and LazNiCU 
Lao.6Sro.4Nio.4Feo.6O3 0，with a trace amount 4.62 
o f N i O 
Lao.6Sro.4Nio.2Feo.8O3 O, with very little 4.42 
amount of La2Ni04 
Lao.6Sro.4Nio.8Feo.2O3/Cl O, with the amount of of 4.39 
NiO and LajNiCU 
Lao.6Sro.4Nio.6Feo.4O3/Cl 0，with a trace amount 4.18 
of NiO and LajNiOq 
Lao.6Sro.4Nio.4Feo.6O3/CI 0，with a trace amount 4.29 
o f NiO 
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F igu re 4.2a. X R D pat tern of LHQ gSr^ 4Ni j . ,Fe,03cataiysts 
0 stands for N i O 
* stands fo r L a j N i O * 
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x = 0.8 





x = 0.4 
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F i g u r e 4.2b. X R D pa t te rn o f Lao.gSro 4N i , . ,Fe ,03 /C l catalysts 
o stands fo r N i O 
* stands fo r L a z N i O -
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Figure 4.3a. X-ray Photoelectron spectra in the Ni2p of Lao.6Sro.4Ni,.,Fe,03 • 
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Figure 4.4a. X-ray Photoelectron spectra in the Fe2p of Lao.6Sro.4Nii.,Fe,03 
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Figure 4.4b. X-ray Photoelectron spectra in the Fe2p of Lao.gSro ^Nii^Fe.Oj/Cl 
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4.4.1 Cor re la t ion between the crystal s t ructure and catalyt ic act iv i ty 
The ideal cubic unit cell of perovskite structure is found only in a few cases. 
Most of the perovskite-type and related oxides show distortions. It has been 
demonstrated that the type and concentration o f defect in the perovskite and related 
oxides can be regulated over a wide range by doping with foreign ions or by changing 
the conditions of preparation [2,11,13]. In the Lao.6Sro.4Ni,.,Fe,03 catalysts system, 
the orthorhombic structure is mainly obtained. In the previous paper [28], the NiO-
and La2Ni04-phases structure of La丨-xSr^NiO] ( x � 0 ) catalysts were found to increase 
with increasing Sr content. For comparison, the Lao.6Sro.4Ni,.,Fe,03 series of catalysts 
showed the same behavior with increasing Ni content. However, it was observed that 
the structure was not distorted by doping of CI ions. It is because the size of chloride 
ions is similar to oxygen ions. 
The fact that the crystal structure of the perovskite has an influence on its 
catalytic activity can be illustrated by the results catalytic activities of both the 
undoped and Cl-doped series of catalysts. The best catalysts from these series, namely 
Lao.6Sro.4Nio.2Feo.8O3 (very little amount) and Lao.6Sro.4Nio.2Feo.8O3/Cl, have been 
shown to possess purely orthorhombic structure without any unfavorable phases (e.g. 
NiO，LazNiCU). In contrast，whenever the N i O and LazNiOd phases were present (x < 
0.8), one would obtain 0% ethene selectivity. Similar findings were reported for the 
undoped and halide-doped Lao.8Bao.2Mni.xCux03.5 catalyst [20]. 
4.4.2 XPS studies of catalyt ic sites of N i , Fe and O elements 
The structure of the perovskite before the incorporation of the Fe ions, namely 
Lao.6Sro.4Ni03-8, was studied by Zhao et al [13]. They suggested that, upon the 
substitution of La^^ by Sr^^ the overall charge neutrality of the lattice could be 
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maintained via two different routes: (1) increasing the oxidation state of nickel from 
Ni3+ to Ni4+; or (2) forming oxygen vacancies. However, Ni^ ^ (ionic radius = 0.048nm) 
[29] was unstable to be formed because the tolerance factor would exceed the limiting 
value for maintaining the perovskite structure (0.75 < t < 1.00) [30]. Therefore, the 
charge compensation in the sample could most likely arise via the formation of 
oxygen vacancies. In the meantime, some electrons in the vacancies could be trapped 
by unoccupied d-orbital of Ni^ ^ ions near the vacancies called F-center (Ni].- )• The 
situation is pictorially illustrated in Figure 4.6a. 
The difference in the structure of the same perovskite after the incorporation of 
the Fe ions, namely Lao.eSro^Nij.xFexO}, was investigated in this work. The XPS data 
on Lao.6Sro.4Ni,.xFex03 are summarized in Table 4.5. It can be seen that the binding 
energies of Ni(2p3/2) remained unchanged at 543.8 eV (Ni^ "") and 556.0 eV (Ni]十） 
while that of Fe(2p3/2) decreased with increasing Fe content. The binding energies of 
La(3d5/2) and Sr(3d5/2) were unaffected by Fe content. It can be concluded that the 
F-center ( N i � . - ) (0.56 A) would be replaced by Fe]— ions (0.55 A) [29] easily due to 
similar size. The consequence was an increase in electron density for Fe]— ions, and a 
corresponding decrease in its binding energy. In addition, the elemental compositions 
of nickel and oxygen on the surface layer were calculated, which are shown in Table 
4.6. The relative concentrations of both the Ni^ ^ decreased with rising Fe content. 
These results are consistent with the situation depicted in Figure 4.6b: Ni^ ^ ions were 
simply replaced by Fe^ "" ions, and therefore oxygen vacancies were not required for 
charge compensation. 
However, the concentration of Ni]— was higher in the Cl-doped perovskite 
Lao.6Sro.4Nii.xFex03 than that in the undoped one, while the concentration of adsorbed 
oxygen was lower than that in the undoped one, as shown in Table 4.6. It can be 
explained that for every oxygen vacancy occupied by a CI" ion, the oxidation state of 
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an adjacent nickel cation would rise from Ni^ ^ to Ni] . (Figure 4.6c). As a result, the 
relative lattice oxygen concentration was enhanced due to the filling of the oxygen 
vacancies in the catalysts by the CI" dopants. 
•2-严3+ q2- Ni2+ o^- 02- Ee3+ o2- Ni2+ o2-
La3+口 Sr2+ 02- La '" La ' " • O'" La^" 
• 
02-Ni2+[] Ni3+02- 02-Ni2+二 Fe^^O^" 
La3+ 02- Sr2+ O'" La ' " La ' " O'" O ' ' La '" 
(a) (b) 
y 
02- Fe3+ 02- Ni2+ 02-
La3+Cr Sr2+ O ' ' La '" 
Ni'^ • Fe3+02-
La3+ 02- Sr2+ O^'La^" 
(c) 
Figure 4.6. Schematic models of defects in (a) Lao.6Sro.4Ni1.xO3 (b) 
Lao.6Sro.4Nii-xFex03, and (c) X" occupying an oxygen vacancy ( • ) 
4.4.3. Cata ly t ic propert ies 
The catalytic activities of the catalysts in the undoped and Cl-doped series of 
Lao.6Sro.4Nii-xFex03 for ODE reaction were measured at 6 8 0 � C . The 
Lao.6Sro.4Nio.2Feo.8O3 and Cl-doped Lao.6Sro.4Nio.2Feo.8O3 catalysts showed good 
catalytic performance, which could be related to the surface composition of two active 
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elements (Ni and Fe) and modification of the lattice by CI ions. 
Table 4.4 shows that measurable ethene selectivity (8.2%) could be obtained 
only for the combination of low atomic ratio of Ni and high Fe atomic ratio, in both 
the undoped and Cl-doped catalyst series. Table 4.1 also confirms that no ethene 
could be produced if the Ni contents were not low enough. Since transition metals 
such as Ni possess strong hydrogen chemisorptic activity [28], it can be assumed that 
the Ni elements are blocking the sites that are required to enhance C2H4 selectivity. 
On the other hand, Table 4.3 indicates that the C2H4 selectivty were increased by 
about 3 times when the atomic ratio of Ni of the best performing member in the 
Cl-doped series of Lao.6Sro.4Nio.2Feo.8O3 catalysts. 
In conclusion, the incorporation of CI ions into the perovskite lattice can prevent 
the diffusion of Ni elements from the bulk to the surface. Therefore, the active sites 
required for the production of ethene remain freely available. 
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Chapter 5 Conclusions and future directions 
5.1.1. Conclus ion for Lao sBao.zMiii.xCuxOa^ catalysts 
The incorporation of F— or CI" ions into the Lao.gBao.zMni.xCuxOs-s lattice could 
reduce the extent of deep oxidation of C2H6. The Cl-doped catalysts showed better 
activities for O D E than their F-doped counterparts. At 680°C and a C2H6:02:N2 mole 
ratio of 2:1:3.7, Lao.8Bao.2Mno.7Cuo.3O2.8O8Fo.124 gave 31 .9% C2H6 conversion, 55.9% 
C2H4 selectivity, and 17.8% C2H4 yield; whereas Lao.8Bao.2Mno.7Cuo.3O2.8i7Clo.n4 gave 
73.0% C2H6 conversion, 69.5% C2H4 selectivity, and 50.8% C2H4 yield. At x = 0.3’ the results 
of XRD indicated that both the undoped Lao.8Bao.2Mn1 .xCuxOs-s and halide-doped 
Lao.gBao.zMni-xCuxOs-sXa (X = F, CI) could be described as single-phase and cubic in 
structure. The results of X P S and Mn oxidation state titration studies indicated that the 
manganese existed in both the tetravalent and trivalent states; while the copper existed 
in the bivalent state exclusively. Although the surface compositions measured by XPS 
generally differed from those of bulk, but the relative proportion of individual elements 
were similar. The results of O2-TPD studies confirmed that the lattice oxygen was the 
active oxygen species responsible for the catalytic activity of the halide-doped 
catalysts. 
5.1.2 Conclusions for Lao.6Sro.4Nii.xFex03 catalysts 
The Lao.6Sro.4Nii.xFex03 and Lao.6Sro.4Ni 1 .xFcxOs/Cl catalysts, whose structures 
could be described as pure orthorhombic perovskite for x > 0.8，displayed reasonably 
high catalytic activity for the oxidative dehydrogenation of ethane. However, for the 
catalysts with x < 0.8，unfavorable phases such as NiO and La2Ni04 were found within 
the orthorhombic structure, which were assumed to be responsible for their poor ethene 
selectivity. 
122 
The results of XPS show that the CI— in the Cl-doped catalysts would occupy the 
oxygen vacancy, causing the promotion of an adjacent Ni^^ to Ni^ ^ and an increase in 
the relative concentration of lattice oxygen. The latter effect is assumed to be 
responsible for the increase in the selectivity for ethene. The F e ( 2 p 3 b i n d i n g energy 
of Fe3+ will be shifted to lower with decreasing Ni content due to the F-center exist. 
At 6 8 0 � C and X = 0.8, the ODE activities of both the undoped and Cl-doped 
catalysts were increased by the substitution with Fe. The Cl-doped catalyst showed 
better activity than the undoped ones. At 680°C and a C2H6:02:N2 mole ratio of 2:1:3.7， 
Lao.6Sro.4Nio.2Feo.8O3/Cl gave 53.8% C2H6 conversion, 72.5% C2H4 selectivity, and 
39.0% C2H4 yield; whereas Lao.6Sro.4Nio.2Feo.8O3 gave 50.4% CjHe conversion, 25.6% 
C2H4 selectivity, and 12.9% C2H4 yield. 
5.2 Fu tu re direct ions 
5.2.1 The quant i f i ca t ion of the composit ions of the catalysts 
The measurements in this study have shown that the surface compositions are 
always different from the bulk compositions. The latter are difficult to measure and are 
usually based on the amounts of constituent compounds used in the preparation. In the 
future, the X-ray fluorescence (XRF) can be used to determine the actual bulk 
composition because this is a sensitive and quantitative technique for solid-state 
samples. 
X-ray fluorescence (XRF) analysis is a fast, non-destructive, qualitative and 
quantitative method for the determination of the presence (and amounts) of elements in 
solids and liquids. It is based on the measurement of the wavelengths and intensities of 
X-rays emitted by a sample excited by the radiation from a primary X-ray tube. When 
an electron in the core level is ejected by the primary X-ray, the resulting core hole may 
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